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ABSTRACT
In Chapter 1, we provide an overview of the properties and applications of conjugated
polymers, with a particular focus on poly(arylene ethynylene)s. We discuss the synthesis and
photophysical properties of poly(arylene ethynylene)s, as well as their behavior in the solid state
and at the air-water interface. We also provide a brief overview of the synthesis and properties of
conjugated polymer networks and nanoparticles of poly(arylene ethynylene)s. Finally, we discuss
the synthesis of benzodithiophene and benzodithiophene-containing conjugated polymers and
poly(arylene ethynylene)s.
In Chapter 2, we describe the design and synthesis of amphiphilic benzodithiophene-
containing poly(arylene ethynylene)s for the synthesis of 2D-conjugated 2D polymers. We explore
the behavior of the 1D-conjguated linear polymers at the air-water interface of a Langmuir-
Blodgett trough, and describe our synthetic efforts toward the cross-polymerization of these
polymers into 2D-conjugated 2D polymers.
In Chapter 3, we explore the synthesis of conjugated polymer networks of
benzodithiophene-containing poly(arylene ethynylene)s via the electrochemical and chemical
crosslinking of two different 1 D-conjugated precursor polymers. We describe the characterization
of the conjugated polymer network thin films and bulk materials and discuss the differences in the
material properties depending on the starting polymer.
In Chapter 4, we describe the synthesis and characterization of a series of
benzodithiophene-containing poly(arylene ethynylene)s and poly(arylene butadiynylene)s for
magneto-optical applications.
Thesis Supervisor: Timothy M. Swager
Title: John D. MacArthur Professor of Chemistry
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1.1 Conjugated Polymers
Since the first discovery of electrical conductivity in an organic conjugated polymer,]
conjugated polymers have been extensively studied and used in a wide array of applications based
on their electronic and optical properties.2 Conjugated polymers have been employed in light-
emitting devices and displays, 3 photovoltaics,4 and sensors,5 among other applications. While high
conductivity was first found in polyacetylene, other common classes of conjugated polymers that
have since been investigated for their electronic or electrooptical and photoluminescence
properties include polythiophenes,6 polypyrroles, 7 polyanilines, 8 poly(p-phenylene)s, 9 poly(p-
phenylene vinylene)s,1 0 poly(p-phenylene ethynylene)s, 1 and others (Figure 1.1). While these
polymers appear to have relatively simple chemical structures, the tools and techniques of organic
synthesis have enabled the production of many more complex conjugated polymer structures with
finely tuned properties. Furthermore, the superior flexibility and processability of organic
conjugated polymers affords an advantage over inorganic materials with comparable electronic
properties, paving the way for the development of light-weight, flexible, printed, or transparent
devices. Although significant focus been directed toward the synthesis of linearly conjugated
polymers, in recent years, interest has also grown in investigating the synthesis and properties of
H H
n N n
a b C d
- n - + n
e f n
Figure 1.1 Common classes of conjugated polymers: (a) polyacetylene, (b) polythiophene, (c)
polypyrrole, (d) polyaniline, (e) poly-p-phenylene, (f) poly(p-phenylene vinylene), and (g)
poly(p-phenylene ethynylene).
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conjugated polymer networks, and, particularly following the isolation and characterization of
graphene in 2004,12 2D-polymers with conjugation in two dimensions. 13
1.2 Poly(arylene ethynylene)s
Poly(arylene ethynylene)s are a class of conjugated polymers that are well known for their
unique electrooptical and luminescence properties. 14 These polymers have been used in a number
of applications including chemo- and bio-sensors5, 1s,16 light-emitting diodes,' 7 and organic thin
film transistors.' 8 Structurally, poly(arylene ethynylene)s are composed of alternating aryl or
phenyl rings and alkyne bonds, which results in a rigid polymer backbone. Substituents on the
main polymer chain assist in polymer solubility and processing, and the polymers can be made
soluble in water with appropriate hydrophilic substituents.1 4 Poly(arylene ethynylene)s are most
commonly synthesized via step-growth palladium/copper-catalyzed Sonogashira coupling
polymerizations between dialkyne-substituted monomers and dihalide-substituted monomers
(generally iodide or bromide). The polymers can also be synthesized via molybdenum-catalyzed
alkyne metathesis.19
R R' R R'
----- 
_ + x x
n
R R' R R'
Scheme 1.1 Retrosynthetic analysis of a model poly(arylene ethynylene). PAEs are generally
synthesized via Pd/Cu-catalyzed Sonogashira coupling polymerization between dialkyne-
substituted monomers and dibromo- or diiodo-substituted monomers.
Poly(arylene ethynylene)s are often highly fluorescent, with average solution quantum
yields of approximately 50% and some approaching unity."I As is the case for many conjugated
polymers, poly(arylene ethynylene) absorption spectra are red-shifted with increasing polymer
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molecular weight, up to the effective conjugation length.20 For poly(arylene ethynylene)s, the
effective conjugation length has been demonstrated to be equal to approximately five arylene-
ethynylene repeat units (where the aryl unit is an alkyl-substituted phenyl ring).21 The absorbance
spectra of thin films of poly(arylene ethynylene)s may show a further red shift due to planarization
of the polymer backbone (and any substituents conjugated to the main chain), a-stacking
interactions between individual polymer chains, or a combination of both phenomena.
1.3 Poly(arylene ethynylene)s in the Solid State and at the Air-Water Interface
In the solid state, poly(arylene ethynylene)s are capable of forming organized lamellar
structures, with n-stacking between the polymers and high degrees of order possible depending on
the substituents on the main polymer backbone and the nature of the backbone.22 Direct
interactions between the polymer chains in the solid state can lead to a reduction in polymer
fluorescence in thin films. The presence of bulky aryl groups such as iptycenes can have the effect
of isolating individual polymer chains in the solid state, allowing the polymers to retain high
fluorescence quantum yields and enabling the use of the polymers in fluorescence-based
sensors.
23
,
24
,
25
The behavior of amphiphilic poly(arylene ethynylene)s has also been extensively studied
at the air-water interface using a Langmuir-Blodgett trough. Langmuir-Blodgett techniques can
provide unique information about the behavior of monolayers of amphiphilic small molecules or
polymers on a water surface (Figure 1.2 and Appendix Figure 1.7). Changes in the water surface
pressure upon compression of trough barriers can be used to draw conclusions about molecular
arrangement and conformation. For the case of amphiphilic poly(arylene ethynylene)s, our group
has demonstrated that polymers of this type tend to occupy 'edge-on' or 'face-on' conformations
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(a) movable (b) 40 - multilayers
barriers surface pressure E
i sensor 
30 -
20 - 'solid'
~~ 10 'liquid''gsn10 - 4 s
liquid subphase 0 ,re
(usually water) 0 40 80 120 160
Area WA)
Figure 1.2 (a) Diagram of a Langmuir-Blodgett trough. A Langmuir-Blodgett trough is used
to compress monolayers of amphiphilic molecules on a surface. Molecular behavior is assessed
through changes in the surface pressure. Compressed monolayers can be transferred from the
surface to substrates. (b) An example pressure-area isotherm. Molecules or polymers pass
through 'gas,' 'liquid,' and 'solid' phases before collapsing into multilayers. See appendix
Figure 1.7.
on the water surface of the Langmuir-Blodgett trough, depending on the nature and position of the
substituents on the polymer backbone (Figure 1.3).26,27,28 The polymer conformation on the surface
also was found to have a significant effect on the photophysical behavior: compression of polymers
with an edge-on orientation resulted in quenching of fluorescence, while compressed polymers in
a face-on orientation retained their fluorescence. 28 Compression of poly(arylene ethynylene)s on
'edge-on' 'face-on'
air air
wa rter
Figure 1.3 Poly(arylene ethynylene)s can adopt 'edge-on' or 'face-on' conformations on the
water surface depending on the nature of the substituents on the polymer backbone. Polymers
that adopt an 'edge-on' conformation have been found to occupy a smaller area-per-repeat unit
(-32-37 A2 per phenylene ethynylene) in the solid-condensed phase in comparison to polymers
that adopt a face-on conformation (~175-230 per two phenylene ethynylenes).2 8
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the surface results in the formation of a nernatic liquid crystalline phase with alignment of the
rigid-rod polymer backbones. 27,28 Aligned polymer monolayers are also able to be transferred to
hydrophilic or hydrophobic substrates using either the Langmuir-Blodgett vertical dipping or
Langmuir-Schaefer horizontal touching transfer techniques. 2 8
1.4 Conjugated Polymer Networks and Nanoparticles of Poly(arylene ethynylene)s
Apart from linear polymers, poly(arylene ethynylene)s have also been used as the core
structure in conjugated polymer networks. Conjugated polymer networks have drawn interest for
their high degrees of microporosity and improved charge transport capabilities in comparison to
the parent linear polymers. 29 The properties of conjugated polymer networks have enabled their
use in applications including gas separation and storage, light harvesting, catalysis, energy storage,
and optoelectronics. 30,31
Conjugated polymer networks composed of poly(arylene ethynylene)s have been
synthesized in solution from dialkyne- and dihalide-substituted monomers with the addition of a
trifunctional comonomer (alkyne- or halide-substituted).32 33 These conjugated networks are
generally insoluble, which can limit their processability and applications. To address these issues,
poly(arylene ethynylene) networks have been synthesized as nanoparticles in an aqueous
surfactant solution and processed as a dispersion.3 ' Aqueous dispersions of other conjugated
polymer nanoparticles have been demonstrated to be more readily processable into thin films than
bulk solution-synthesized conjugated polymer networks. 3 Electropolymerization has also been
demonstrated to be a useful technique to produce thin films of conjugated polymer networks,
though this technique has not previously been used to produce conjugated networks of
poly(arylene ethynylene)s. 36
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1.5 Benzodithiophene and Benzodithiophene-Containing Polymers
Benzodithiophene was first used in the synthesis of photovoltaic polymers in 2008."7 The
rigid and planar conjugated structure of benzodithiophene has made it useful for achieving tunable
band gaps and high hole mobilities in conjugated polymers . 38 Benzodithiophene subunits are
Si
R ArR
S S SS
S S S S
-S~ S 4
R R'0 R'Ar
Si
R = alkyl
Ar = thiophene, benzene, furan, or other aromatic groups
Figure 1.4 Common benzodithiophene structures found in conjugated polymers for
photovoltaic applications.
typically synthesized from benzodithiophene-4,8-dione through the addition of various alkyl
lithium or Grignard reagents and subsequent rearomatization with tin(II) chloride. A general
synthetic route to benzodithiophene-4,8-dione is shown in Scheme 1.2.39 Benzodithiophene is
generally incorporated into polymers horizontally, connected through the thiophene subunits
(Figure 1.5). To date, examples of polymers with benzodithiophene oriented vertically and
connected through the phenyl ring are far less common.4 0,4 1,4 2
0 000OH Cl Noxalyl chloride diethyl amine \- 1. n-BuLi, THF S
DCM, 0 "C to r.t. DCM, O*C to r.t. 2. H 20 SS S S 0
Scheme 1.2 Synthesis of benzodithiophene-4,8-dione, the precursor to most benzodithiophene
monomers.
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R
R /s
S
R S R = alkyl or aryl
R
Figure 1.5 Benzodithiophene is typically incorporated into polymers via connections at the
thiophene subunits (left). Significantly fewer examples of polymers containing vertically-
oriented benzodithiophene (right) have been reported.
Only a few examples of benzodithiophene incorporated into poly(arylene ethynylene)s
have been reported,43 and to our knowledge, only one publication reports the synthesis of
poly(arylene ethynylene)s containing benzodithiophene in a vertical orientation. In 2013, Yang
and coworkers described the synthesis and characterization of benzodithiophene-based
poly(arylene ethynylene)s for applications in organic solar cells (Figure 1.6).40
C8H17 C8 H17
RR/S R, / S R
n -- Nn
S /0, S SZ S R
R
CBH17 C8H17 R = 2-ethyl-hexyl
Figure 1.6 Poly(arylene ethynylene)s containing vertically-oriented benzodithiophene
reported by Yang and coworkers.40
Our interest in the synthesis of vertically-oriented benzodithiophene-containing
poly(arylene ethynylene)s stems from the ability to incorporate new cruciform structural
components while maintaining full electronic conjugation with the main polymer backbone. In the
following chapters, we will explore the synthesis and investigate the properties of a variety of
benzodithiophene-containing poly(arylene ethynylene)s. In Chapter 2, we describe the design and
synthesis of benzodithiophene-containing poly(arylene ethynylene)s as precursor polymers to
access 2D-conjugated 2D polymers and explore their behavior at the air-water interface of a
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Langmuir-Blodgett trough. In Chapter 3, we report the synthesis of crosslinked conjugated
polymer networks from benzodithiophene-containing poly(arylene) ethynylenes through
electrochemical and chemical methods and investigate the properties of the resulting networks.
Finally, in Chapter 4, we describe the design and synthesis of poly(arylene ethynylene)s for
magneto-optical applications.
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1.7 Appendix for Chapter 1
1.7.1 Langmuir-Blodgett Barrier Compression Diagram
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Figure 1.7 Compression of amphiphilic molecules at the air-water interface of a Langmuir-
Blodgett trough. Pressure-area isotherms provide information about molecular interactions on
the surface, as monolayers of the molecules pass through 'gas,' 'liquid,' and 'solid' phases
before collapsing into multilayers.
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2.1 Introduction
The synthesis of true two-dimensional (2D) polymers has been a target of synthetic
chemists for many years, and to date, few successful syntheses have been reported. With the
discovery of graphene and its superior strength, conductivity, and mechanical properties, interest
has grown in recent years in bottom-up synthetic approaches to other 2D-conjugated materials.1
ID-conjugated polymers have been synthesized for and used in a variety of applications for the
past few decades.2 Conjugated polymers are particularly well known for their useful light
absorption and luminescence properties, charge transport and energy transfer abilities, and ready
processability. 3 Furthermore, the ability to employ modular strategies for polymer synthesis allows
precise control over polymer structure and properties. 2D-conjugated polymers could combine the
advantages of iD-conjugated polymers and known 2D-conjugated materials such as graphene to
form a useful new class of materials with unique properties.
Although interest in the investigation of new 2D-conjugated polymers is high, a relative
lack of viable synthetic routes to these types of materials has limited their ability to be studied
experimentally. Theoretical studies have allowed for some predictions of the anticipated properties
of these types of polymers, however precise understanding of their merits and characteristics will
be inaccessible until improved synthetic pathways are available.' 5 The development of new
synthetic pathways to these materials is also necessary to enable their more widespread use and
employment in various applications.
Generally, two major synthetic strategies have been employed to access 2D polymers:
growth in all dimensions starting from "zero-dimensional" (OD) small molecules to form a 2D
polymer (resulting in more isotropic materials), and lateral extension or expansion of ID polymers
to form 2D polymers (yielding relatively anisotropic materials).6 Successful 2D polymer syntheses
42
Chapter 2
Toward the Synthesis of 2D-Conjugated 2D Polymers
have made use of both of these approaches, and in many cases, careful effort has been directed
toward precise control of precursor orientation to ensure the production of true, 2D polymers. We
define a true 2D polymer in the same terms as Schltiter and coworkers in their comprehensive
review of 2D polymer synthetic strategies: a material that is one-repeating unit thick, possessing
long range order, and covalently bonded.6
A few successful 2D polymer syntheses have been based on the pre-organization of
monomers into crystals prior to polymerization. Reports by Sakamoto7 and coworkers and King'
and coworkers have successfully demonstrated the synthesis of 2D polymers through a light-
induced crosslinking of monomers organized into layered crystals, followed by the separation of
the crystal layers into individual 2D polymer sheets. While both of these approaches produced 2D
polymers, the resulting materials were not conjugated in two dimensions, precluding the polymers
from possessing many of the properties that could make them useful for technological applications.
A more recent report by Quek and Loh and coworkers also employed the crystal strategy to align
monomers prior to polymerization but made use of a C-C coupling reaction to produce 2D
polymers that were also conjugated in two dimensions.9
Other successful syntheses have relied on the uses of surface supports or interfaces to
achieve the correct monomer orientation prior to 2D polymerization. Hecht and Grill and
coworkers synthesized fully conjugated 2D polymers from orthogonally functionalized porphyrin
monomers deposited on a gold surface and visualized the sequential coupling and formation of 2D
polymers using low-temperature STM techniques.' 0 SchlUter and coworkers made use of the air-
water interface of a Langmuir-Blodgett trough to align amphiphilic monomers prior to
polymerization and cross-linked the monomers via photoirradiation." 2 , 3
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Recently, Bai and Bai and coworkers synthesized a conjugated 2D polymer in water
without the aid of interfacial organization or other surface supports, relying instead on association
due to hydrophobic and hydrophilic interactions to bring together 1D polymers for
photopolymerization to form 2D polymers." While the number of reports of the syntheses of 2D
polymers has grown in recent years, there is still a need for the development of additional modular
synthetic routes that provide access to these types of materials.
2.2 Synthetic Strategy to Access 2D-Conjugated 2D Polymers
In order to access true 2D-conjugated, 2D polymers, we propose a two-stage synthetic
strategy, relying first on the synthesis of iD-conjugated linear polymers, and secondly on the
organization and cross-polymerization of those polymers to yield a 2D-conjugated, 2D polymer
network (Figure 2.1). Organization of the linear polymers would be carried out using a Langmuir-
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Figure 2.1 Proposed synthetic strategy to access 2D-conjugated 2D polymers.
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Blodgett trough, a powerful tool that enables precise control of molecular orientation at the air-
water interface.
Our initial target ID polymer structures are shown in Figure 2.2. The rigid-rod type
poly(arylene ethynylene) conjugated polymers would be well-suited to alignment at the air-water
interface of a Langmuir-Blodgett trough, with hydrophilic poly(ethylene glycol) and hydrophobic
alkyl sidechains facilitating orientation of the polymer at the interface. Previous studies from our
group have demonstrated that compression of rigid-rod type poly(arylene ethynylenes) on a
Langmuir-Blodgett trough produces a nematic liquid crystal phase with aligned polymer chains,
electropolymerizable
sites /R 0hydrophilic
s sidechains
S 0
n
hydrophobic R s R = C1H25
sidechains R= C8H1
R
R \ /
SS S SR
R'R
R'O I R'R' OR'
Figure 2.2 Target polymer structures. Hydrophilic and hydrophobic side-chains, as well as the
rigid rod backbone of the poly(arylene ethynylene) will aid in orientation at the. air-water
interface of the Langmuir-Blodgett trough and in nematic alignment of the polymers. The
perpendicularly appended thiophenes provide an orthogonal handle for a 2D cross-
polymerization.
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and the resulting pressure-area isotherm can be used to determine the conformation of the polymer
backbone relative to the air-water interface. 1 ,1 6
The incorporation of electroactive thiophene moieties perpendicular to the main polymer
backbone provides a handle to access 2D-conjugated, 2D materials through electrochemical cross-
linking. Following the alignment of the polymers at the air-water interface of the Langmuir-
Blodgett trough, the polymers will be transferred to indium tin oxide (ITO) coated glass working
electrodes for electrochemical cross-polymerization of the iD-polymers to yield 2D-conjugated
2D polymers.
2.3 Results and Discussion
2.3.1 Synthesis of 1D-Conjugated Polymers
Synthesis of the thiophene-substituted monomers was carried out as shown in Scheme 2.1.
Benzodithiophene-4,8-dione (1) was synthesized in three steps according to literature
TIPS TIPS
S 1. TIPS MgCI .l S 1. n-BuLi, THF, -78'C N S
~i 1/ w Br I / Br
S 2. SnC 2 in HCI S 2. 1,2-dibromotetrachlorethane, S1-78 0C to r.t.
0 61% yield 70% yield
TIPS TIPS
2 3
TIPS TIPS S R
IR
B B conditions S S TBAF CBr /I /Br-* -/ / \
S R H,0-
MR R S
TIPS TIPS R4a R = C117
MR'= SnBu 33 4b R = C 12H 15, 5a R = C8 H1 7 (47% yield) 6a R = C8H 17 (89% yield)MR'= Bpin 5b R = C12H25 (82% yield) 6b R = C1 2H25 (90% yield)
Scheme 2.1 Synthetic route to thiophene-substituted monomers. Conditions to yield 5a:
Pd(PPh3)4, Toluene/DMF (4/1, v/v), 120 'C; 5b: Pd(PPh3)4, I M Na2CO3, THF, 60 'C.
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procedures.' 7 (Triisopropyl)acetylene was converted to the Grignard reagent using a solution of
isopropylmagnesium chloride. Double addition of the Grignard reagent to compound I followed
by re-aromatization with tin (11) chloride in HCl afforded compound 2 in good yield on a gram
scale. Compound 3 was obtained through the double deprotonation of 2 with n-BuLi, followed by
the addition of 1,2-dibromotetrachloroethane.' 8 Compound 4b was synthesized in one step from
2-bromo-3-dodecylthiophene according to a literature procedure.' 9 Compounds 5a and 5b were
obtained through Stille and Suzuki coupling reactions with 4a and 4b, respectively, and
deprotected with TBAF to give monomers 6a and 6b. Although monomers 6a and 6b contain the
same electroactive thiophene moieties, the monomers vary in the length of their hydrophobic alkyl
chains. We hypothesize that the eight-carbon alkyl chains of monomer 6a will facilitate effective
orientation of the polymer strands at the air-water interface of a Langmuir-Blodgett trough, with
a reduced likelihood of chain aggregation upon barrier compression. We also hypothesize that the
longer twelve-carbon alkyl chains of monomer 6b may enhance polymer solubility and
processability, while still being short enough in length to be studied on the Langmuir-Blodgett
trough without significant chain aggregation.
Polymers P1 and P2 were synthesized via a Sonogashira coupling polymerization between
monomers 6a or 6b and comonomer 7 as shown in Scheme 2.2. Comonomer 7 was synthesized
according to a literature procedure.' 6
S R 0 S R
Ss R S3
S 10 Pd(PPh3)4 S 0
- I Cui -
i-Pr2NH, n
S toluene, 65 C S 0
S0R RR 0 R 0
6a R = CBH 17  7 P1 R = CBH 176b R = C12H 25  P2 R = C 12 H 25
Scheme 2.2 Synthesis of polymers Pt and P2 via Sonogashira coupling polymerization.
47
Chapter 2
Chapter 2 Toward the Synthesis of 2D-Conjugated 2D Polymers
2.3.2 Characterization and Langmuir-Blodgett Studies of Polymers
Polymers P1 and P2 were characterized by gel permeation chromatography (GPC), NMR
spectroscopy (see Appendix), UV-vis spectroscopy, and fluorescence spectroscopy. After
purification, P1 was found to have a molecular weight of 13,100 g/mol with a dispersity of 1.77
(GPC in THF), while P2 was found to have a molecular weight of 30,000 g/mol with a dispersity
of 1.81 (GPC in THF). Both polymers are highly soluble in chloroform, THF, dichloromethane,
and toluene. P1 and P2 are both dark red, shiny solids that form orange-colored solutions. The
polymers are highly fluorescent in solution (quantum yields of 44+2% and 87 1% for P1 and P2,
respectively) and also display weaker red-shifted fluorescence in thin films (Figures 2.3 and 2.4).
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Figure 2.3 UV-visible absorption and emission spectra of P1 and P2 in chloroform
solution and thin film.
absorption emission quantum
maxima maximum yield
(nm) (nm) (%)
solution 510 559 44 2
P_
thin film 553 614 -
solution 517 555 87 1
P2
thin film 567 614 -
Figure 2.4 (a) UV-visible absorption and emission maxima of P1 and P2 in chlorolorm
solution and thin film, and solution quantum yields. (b) P2 in solution and thin film in
regular lighting and under longwave UV lamp excitation.
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Figure 2.5 Pressure-area isotherms for P1 and P2. Monolayers were compressed three times
on the trough surface. P1 occupies a smaller area per repeat unit that P2, which correlates with
expectations based on the larger molecular weight per repeat unit and longer alkyl chains of
P2.
Following characterization of polymer optical properties, we investigated polymer
behavior at the air-water interface using a Langmuir-Blodgett trough. P1 or P2 was deposited
onto the water surface from a 1.0 mg/mL solution of polymer in chloroform. The chloroform
solution was allowed to evaporate for 15 minutes before the polymers were slowly compressed to
a target surface pressure of 25 mN/m. The pressure-area isotherms for the polymers indicated a
collapse of the monolayers into multilayers at surface pressures of 10 mN/mn for P1 and 17 mN/m
for P2, a slightly unexpected result as we had previously anticipated that the eight carbon alkyl
chains of P1 would be better suited to the conditions of the Langmuir-Blodgett trough. Isotherm
cycling (to a target surface pressure just below multilayer formation) was performed to
mechanically anneal the polymers chains on the interface (Figure 2.5). Extrapolation of the
isotherm trace to the X-axis gave estimated areas per polymer repeat unit of 74 A2 for P1 and 93
S2 for P2. Although the pressure-area isotherms for both P1 and P2 appear to be reversible, the
reverse or expansion section of isotherms does not match the compression or forward portion of
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the isotherms, indicating that both polymers are slower to spread out on the surface than the rate
of open space becoming available.
Monolayers of P1 and P2 were transferred to hydrophilic glass slides (treated with nitric
acid and sodium hydroxide solution) using the Langmuir-Blodgett film transfer technique with a
single upstroke. The transferred monolayers were characterized by UV-vis absorption and
emission spectroscopy. The faint absorption maxima for the monolayers of both polymers were
visible around 550 nm. The emission maxima of the monolayers occurred at wavelengths in
between the solution and thin film emission maxima (see Appendix).
2.3.3 Electrochemical Studies of P1 and P2 and Synthesis of a Model Compound
Before attempting to electropolymerize monolayers of P1 or P2, initial electrochemical
experiments were carried out on bulk quantities of P1 and P2 to explore the electrochemical
activity of the polymers. P1 and P2 were spin-coated onto ITO-coated glass working electrodes
100 -scani P1
-2
80
-5
60 -6
-7
r 40 -8
-9 4
O 20
0
-20
-0.5 0 0.5 1 1.5
potential (V vs. Ag/AgNO3)
Figure 2.6 Cyclic voltammetry of P1 spin-coated onto an ITO-coated glass working electrode,
10 scans at 100 mV/s in acetonitrile with 0.1 M NBu4PF6 as the supporting electrolyte and a
platinum coil counter electrode. Following a large, irreversible oxidation peak on the first scan,
the electroactivity decreases on each subsequent scan. Additional CVs of P1 and P2 to different
potential ranges can be found in the Appendix.
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(ITO-coated glass sonicated in acetone and subjected to UV/03 cleaning prior to deposition) to
mimic monolayer deposition onto a substrate. Electrochemistry was carried out under inert
atmosphere in a glovebox, with anhydrous acetonitrile as the electrolyte, and 0.1 M
tetrabutylammonium hexafluorophosphate (NBu4PF6 ) as the supporting electrolyte. The potential
of the electrode was swept from -0.2 V to 1.1 V, 1.3 V, and 1.5 V versus Ag/AgNO3 at a scan rate
of 100 mV/s. Each cycle was repeated ten times, and for each scan range, the first oxidative scan
was characterized by a large, irreversible oxidation wave. In subsequent scans, the oxidation
decreased gradually or dramatically (see Figure 2.6 and Appendix). While the irreversible
oxidation could suggest some cross-linking between the polymers, the polymers could also be
degrading under the oxidative conditions or falling off of the electrode. While neither P1 or P2 is
soluble in acetonitrile, the oxidized polymers may have become soluble and drifted away from the
electrode surface. Electrochemical synthesis of redox active polymers typically results in an
increased electroactivity of the electrode surface, a general indication of polymer growth, which
was not observed for either P1 or P2.20
To gain a further understanding of the electrochemical activity of the core thiophene-
substituted repeat unit of the polymers, a simplified model compound was designed and
synthesized to explore conditions for electropolymerization. The model compound 8 was
S C12H25
S PdCI 2(PPh3)2  electropolymerization C12H25
-Cul S
S THE, 5000C
triethylamine S n
S TF50CS C12H25
C12H25 S 
C1220
6b 8
Scheme 2.3 Synthesis via Sonogashira coupling and electropolymerization of model compound
8.
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synthesized in one step via Sonogashira coupling with compound 6b and phenyl iodide (Scheme
2.3). The model compound (8) was spin-coated onto an ITO-coated glass working electrode and
cyclic voltammetry was carried out in a glovebox at 100 mV/s between -0.5 V and 1.4 V versus
Ag/AgNO3 in acetonitrile with 0.1 M NBu 4PF6 as the supporting electrolyte. The first scan showed
a sharp, irreversible oxidation peak with an onset of approximately 1.1 V, and from the second
scan, new electroactive peaks were visible at approximately 1.0 V, indicative of
electropolymerization (Figure 2.7).
(a) 120 -scan 1 (b)
-2 45 1.0 
-pre-polymeriation
30 -post-polymerization90 -- 4
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Figure 2.7 (a) Electropolymerization of model compound 8 on an ITO-coated glass working
electrode. Conditions: acetonitrile, 0.1 M NBu 4PF6 supporting electrolyte, platinum coil
counter electrode, 100 mV/s scan rate. (b) A clear red shift in the absorption of the film of 8
on ITO-coated glass, before and after electropolymerization. The red shift can likely be
attributed to the increase in conjugation following polymerization.
Comparison of the UV-vis absorption of the thin film of model compound 8 before and
after cyclic voltammetry provides further evidence for electropolymerization. The post-
polymerization absorption spectrum is significantly red-shifted, suggesting a greater degree of
conjugation. Furthermore, while model compound 8 was soluble in chloroform and
dichloromethane, the film on the electrode was not able to be dissolved in either solvent, providing
additional evidence for electropolymerization. As the film could not be dissolved in any solvents,
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the molecular weight of the polymerized material on the electrode could not be characterized by
GPC.
2.3.4 Transfer of Monolayers of P1 and P2 and Electrochemical Studies
Monolayers of P1 and P2 were prepared on the surface of the Langmuir-Blodgett trough
as described above and transferred via the Langmuir-Blodgett transfer technique with a single
upstroke onto ITO-coated glass slides that had been pre-cleaned via sonication in acetone and
UV/0 3 exposure. The transferred monolayers on ITO were dried in a vacuum for 1 hour before
being transferred into a glovebox for electrochemistry. Using anhydrous acetonitrile as the
electrolyte and 0.1 M NBu4PF6 as the supporting electrolyte, with a platinum coil counter
electrode, cyclic voltammetry was carried out between -0.2 V and 1.0 V for P1 and -0.2 V and 1.4
V for P2 versus Ag/AgNO3 at a rate of 100 mV/s. Unfortunately, as with the bulk polymer on ITO,
no clear growth of current and electrode electroactivity was observed to indicate the occurrence of
successful electropolymerization. For both P1 and P2, the first scan shows an irreversible
oxidation that decreases in magnitude for each subsequent scan (Figure 2.8). Ultimately, the
25 25
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-2 -2
20 - 20 -
-4--4
15 -5 15 -5
-6 -7
-7 -8
10 -8 10 _9
9 -10
S 5 -10 5
0 0
-5 - -5 -
-0.5 0 0.5 1 1.5 -0.5 0 0.5 1 1.5
potential (V vs. Ag/AgNO) potential (V vs. Ag/AgNO3)
Figure 2.8 Cyclic voltammetry of monolayers of P1 and P2 on ITO-coated glass working
electrodes. Electrochemistry carried out in a 0.1 M solution of NBu4PF6 in acetonitrile at a scan
rate of 100 mV/s, with a platinum coil counter electrode.
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electrochemical data remains inconclusive, and does not provide support for the formation of 2D-
conjugated polymer networks.
2.3.5 Synthesis of New Target Polymers
To address the issues encountered with the electrochemical behavior of polymers P1 and
P2, we proposed to synthesize a new series of polymers that could more readily undergo
electropolymerization while retaining the ability to organize effectively at the air-water interface
of a Langmuir-Blodgett trough. In particular, we envisioned two new monomer types with pendant
propylene(dioxy)thiophene (ProDOT) and bithiophene moieties (Figure 2.9). These new, more
S
O R RR R'
- -AR -
0 S
s 0 s0
S 0 S 0
0 -s -S 0-
0 3 
- R' 0
R 0R
R 0 P3 R =CH17 P4 R'= H
P5 R'= CH1 3
Figure 2.9 New target polymer structures. The pendant ProDOT and bithiophene moieties are
expected to have lower oxidation potentials than pendant thiophene moieties.
electron-rich functional groups are expected to have lower oxidation potentials that would more
readily undergo electropolymerization. Furthermore, the larger size of the two new monomer types
could favor the polymers toward occupying a face-on conformation on the surface of the
Langmuir-Blodgett trough, an orientation that would better predispose the polymers toward
coupling.
To access ProDOT-substituted polymer P3, we attempted to synthesize monomer 13
through a number of different synthetic routes (as shown in Scheme 2.4). Dioctyl-ProDOT 9 was
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4. 3, Pd2(dba) 3, P(t-Bu) 3, 100 0C
Scheme 2.4 Attempted synthetic routes to ProDOT-substituted monomer 13. TIPS-substituted
monomer 12 did not appear to be sufficiently stable to isolate and purify.
synthesized in three steps according to literature procedures.2 ' 22 We initially tried to convert 9 to
the (pinacolato)boron-substituted compound 10 for potential Suzuki coupling with dibromo-TIPS-
benzodithiophene (3). NMR of the crude product 10 showed an indecipherable mixture of products
and attempts to purify 10 were not successful. We next sought to synthesize pre-monomer 12 via
Stille coupling, and successfully converted ProDOT 9 to the mono-substituted adduct 11 in good
yield. Stille coupling between ProDOT 9 and compound 3 with Pd(PPh3)2C 2 as the catalyst
appeared to be successful according to a TLC of the reaction mixture, but the product was not
stable to workup and purification and appeared to undergo decomposition. Finally, we attempted
to synthesize compound 12 using Negishi coupling conditions adapted from a similar literature
procedure for a Negishi coupling with ProDOTs, but the product was not able to be isolated.23
Following the failure of our synthetic attempts to produce monomer 13, we moved on to
the synthesis of polymer P4. Efforts toward the synthesis of monomer 17 are shown in Scheme
2.5. Commercially-available 2,2-bithiophene (14) was deprotonated with n-BuLi and converted to
tributyltin-substituted bithiophene 15 according to a literature procedure.24 Stille coupling of 15
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Scheme 2.5 Attempted synthetic route to bithiophene-substituted monomer 17.
and dibromo-benzodithiophene 3 gave bithiophene-substituted compound 16 in a relatively low
yield of 31%. Deprotection of compound 16 was unsuccessful, likely due to the poor solubility of
compound 17, which lacked any kind of solubilizing alkyl chains. To address these solubility
issues, we next focused our attention on monomer 21 and polymer P5, which were synthesized as
described in Chapter 3 (Scheme 2.6).
18 C6 1-13
1.nB~,T8,-8O 3, Pd(PPh 3)4
2. BU3SnCl, -78 00 to r.t. P/ 1 SnBu3  toluene/DMVF
19 C6 H-1 3  120 -C,24 h97% crude yield 88% yield
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Scheme 2.6 Synthesis of polymer P5 via Sonogashira coupling between bithiophene
monomer 21 and comonomer 7. Monomer 21 was synthesized in three steps starting from
3,3'-dihexyl-2,2'-bithiophene (see Chapter 3).
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2.3.6 Langmuir-Blodgett Studies and Electrochemistry of P5 Monolayers
The Langmuir-Blodgett behavior of P5 was investigated by drop-casting a 1.0 mg/mL
solution of P5 in chloroform onto the water surface of the trough. Following evaporation of the
chloroform, compression of the monolayer on the surface showed that P5 was able to withstand a
surface pressure of approximately 30 mN/m before collapsing into multilayers. The pressure-area
isotherm following three compression-expansion cycles of P5 is shown in Figure 2.10. The
isotherm cycles do not appear to be reversible; while P5 is able to withstand high surface pressure,
P5 does not appear to re-expand to fill the trough surface upon barrier expansion. Cycling to lower
target areas also showed a similar pattern where the first pressure-area isotherm trace is not
replicated in the second and third cycles (see Appendix Figure 2.28), indicating that P5 becomes
irreversibly aggregated or entangled during initial compression. Extrapolating from the pressure-
area isotherm trace shown in Figure 2.10, P5 appears to occupy an area per repeat unit of - 70 A2,
35
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Figure 2.10 (a) Pressure-area isotherm of P5. P5 appears to occupy an area of approximately
70 A2 per repeat unit. (b) The monolayer of P5 is still fluorescent at maximum compression,
suggesting a face-on orientation on the water surface.
suggesting a face-on orientation on the water surface of the trough. Furthermore, the polymer
appeared to be fluorescent at the air-water interface after compression, a second indication of face-
on orientation (Figure 2.10). 16
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A monolayer of P5 was transferred at a target pressure of 15 mN/m to an ITO-coated glass
slide via the Langmuir-Blodgett transfer technique with a single upstroke (the ITO-coated glass
slide was cleaned via sonication in acetone and UV/0 3 exposure prior to use). The monolayer on
ITO was dried under vacuum for 1 hour before being transferred into a glovebox for
electrochemistry. Cyclic voltammetry was carried out using the ITO-coated glass slide as a
working electrode and a Pt coil counter electrode in a 0.1 M solution of NBu4PF6 in acetonitrile.
Ten successive scans were carried out at a rate of 100 mV/s from 0.0 V to 1.5 V versus Ag/AgNO3
(Figure 2.11). As was the case with polymers P1 and P2, the first scan was characterized by a
large, irreversible oxidation, and decreasing irreversible oxidations on subsequent scans. Despite
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Figure 2.11 Cyclic voltammetry of a monolayer of P5 on an ITO-coated glass working
electrode. Cycled from 0.0 V to 1.5 V versus Ag/AgNO3 at a rate of 100 mV/s in 0.1 M
NBu4PF6 in acetonitrile, with a platinum coil counter electrode.
the anticipated lower oxidation potential of the bithiophene-substituted polymer P5, scanning out
to 1.5 V was still required to initiate electrochemical activity. A UV-vis absorbance spectrum of
the monolayer on ITO-coated glass before and after cyclic voltammetry does not show a shift in
the spectrum that would suggest a greater degree of conjugation resulting from
electropolymerization. Instead, the decrease in the magnitude of the absorbance after the
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electrochemical experiments suggests that some of the polymer may have detached from the
electrode or otherwise degraded (Figure 2.12).
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Figure 2.12 UV-vis absorption of the monolayer of P5 on ITO-coated glass before and after
cyclic voltammetry. No significant shift in the absorption spectrum is visible after
electrochemistry, but the magnitude of the absorbance appears to decrease. The decrease may
indicate the polymer became detached from the ITO-coated glass electrode or decomposed in
some other way.
Finally, we decided to transfer monolayers of P5 to highly-oriented pyrolytic graphite
(HOPG) working electrodes and platinum electrodes on glass (with a titanium base-layer) via the
Langmuir-Schaefer transfer technique. We hypothesized that the Langmuir-Blodgett
perpendicular transfer method may have disturbed the orientation of the polymers with respect to
one another and sought to explore if the horizontal Langmuir-Schaefer transfer technique would
enable monolayer transfer without disruption of polymer orientation. The HOPG surface was
cleaned with the scotch tape, and Pt/Ti working electrodes on glass were cleaned via repeated
cyclic voltammetry scans in sulfuric acid solution from -2.0 V to 2.0 V versus Ag/AgCl at a rate
of 1 V/s. While we were able to successfully transfer monolayers of P5 via the Langmuir-Schaefer
transfer technique, the electrochemical data remained inconclusive. For the monolayers of P5 on
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a Pt/Ti working electrode, the cyclic voltammetry traces were still characterized by a large
irreversible oxidation on the first scan and decreasing oxidations on the remaining scans (see
Appendix Figure 2.29). Electrochemistry of the monolayer of P5 on HOPG was noisy and
inconclusive (Appendix Figure 2.29).
2.4 Conclusion
In this chapter, we described the synthesis and characterization of two new thiophene-
substituted amphiphilic polymers, P1 and P2, and studied their behavior on the air-water interface
of a Langmuir-Blodgett trough. We also characterized the electrochemical behavior of spin-coated
thin films of the polymers on ITO-coated glass electrodes and designed and synthesized a model
compound to gain a better understanding of the optimal conditions for electropolymerization.
While we were able to transfer aligned monolayers of P1 and P2 to working electrodes and carry
out cyclic voltammetry on the monolayers, evidence to support the occurrence of 2D
polymerization was not observed.
We next attempted the synthesis of ProDOT- and bithiophene-substituted polymers,
though stability and solubility issues impeded the successful synthesis of two out of three new
target polymers. P5 was studied at the air-water interface of the Langmuir-Blodgett trough, and
aligned monolayers of the polymer were transferred to various working electrodes through either
Langmuir-Blodgett or Langmuir-Schaefer transfer techniques for electrochemical experiments.
Electrochemistry carried out on P5 did not provide conclusive evidence for 2D
electropolymerization. Although our efforts toward the synthesis of a 2D polymer were
unsuccessful, we believe that the Langmuir-Blodgett trough remains a powerful tool for the
alignment of rigid-rod type polymers, and that additional variations in the reactive pendant
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moieties of the polymers or different coupling approaches could pave the way to new types of 2D-
conjugated, 2D polymers.
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2.5 Experimental Details
2.5.1 Materials and Methods
Reagents were purchased as reagent grade or better and used without further purification.
All solvents were of reagent grade or better. THF was passed through a solvent purification system
over columns of activated alumina and stored over 3 A molecular sieves or alternately purified via
a sodium/benzophenone solvent still and used directly. Toluene was also passed through a solvent
purification system and stored over 3 A molecular sieves. When necessary, solvents were degassed
via either sparging with argon for 30 minutes or three freeze-pump-thaw cycles under argon.
All reactions were carried out under argon using standard Schlenk techniques. Column
chromatography was carried out using silica gel (SiO 2 , 60 A, 230-400 mesh, particle size 0.040-
0.063 mm) with either gravity or applied air pressure. Thin layer chromatography (TLC) was
performed on sheets coated in silica gel (200 ptm).
Electrochemistry was carried out in a glovebox using a Biologic potentiostat. Non-aqueous
Ag/AgNO3 reference electrodes were prepared from a solution of 0.01 M AgNO3 and 0.1 M
NBu4PF6 in acetonitrile. Indium tin oxide coated glass slides were purchased from Sigma-Aldrich
(surface resistivity 70-100 Q/square). Highly-oriented pyrolytic graphite was obtained from NT-
MDT (7x7x7, 0 mm 3, mosaic spread: 0.8-1.2 degrees, thickness dispersion 0.2 mm), and
platinum/titanium on glass electrodes were prepared by Sibo Lin. Tetrabutylammonium
hexafluorophosphate (NBu4PF6) was recrystallized from ethanol prior to use. Platinum working
electrodes were cleaned through cyclic voltammetry in a 0.5 M solution of sulfuric acid in water,
scanning 10 times at a rate of 1 V/s from -2.0 V to 2.0 V. Platinum wire counter electrodes were
flame-cleaned using a blow torch.
62
Chapter- 2
Toward the Synthesis of 2D-Conjugated 2D Polymers
UV/visible absorption spectroscopy was carried out using a Cary 4000 series UV-vis
absorption spectrometer. Solution samples were prepared in spectroscopic grade chloroform
unless otherwise noted. Spectra were corrected for background signal by subtracting the
absorbance of a solution-filled cuvette or a blank glass or ITO-coated glass slide as applicable.
Fluorescence emission spectra were recorded using a SPEX Fluorolog-3 fluorometer (model FL-
321, 450 W Xenon lamp) with right angle detection for solution samples and front facing detection
for thin film and monolayer samples. Quantum yields were recorded using an integrating sphere
in the Bawendi group with assistance from Daniel Franke.
Langmuir-Blodgett experiments were conducted using a KSV-NIMA Langmuir-Blodgett
trough with a dipper function. The trough was filled with MilliQ-ultra pure water, and either
platinum or disposable paper Wilhelmy plates were used to measure surface pressure. Langmuir-
Schaefer film transfer was carried out by attaching a right-angle bracket to the trough dipper and
adhering the substrate to the bracket with double-stick tape.
'H (400 MHz) and 13C NMR (100 MHz) spectra were obtained on a Bruker Avance III HD
spectrometer. IH (500 MHz) and 13C NMR (125 MHz) spectra were obtained using a Varian Inova
500 spectrometer. Chemical shifts are reported in ppm and referenced to residual NMR solvent
peaks (CDCl 3 6 7.26 ppm for 1H spectra, 77.2 for 13C spectra).
High-resolution mass spectrometry (HRMS) was performed by the MS service of the MIT
Department of Chemistry Instrumentation Facility with electrospray ionization (ESI) or direct
analysis in real time (DART). In one case, mass analysis was carried out via Matrix-Assisted Laser
Desorption/Ionization Time-of-Flight (MALDI-TOF). Gel permeation chromatography (GPC)
was carried out using an Agilent 1260 Infinity instrument calibrated for molecular weight via
polystyrene standards.
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2.5.2 Synthetic Procedures
Compounds 1,17 4b," 7,16 9,21,22 and 15 were prepared according to literature procedures. 2 4
Polymer P5 was synthesized as described in Chapter 3. Compound 2 was synthesized based on a
literature procedure, but the reaction was carried out at a larger scale.25
TIPS
S 1. TIPS - MgCI S
S 2. SnC12 in HCI S
TIPS
Compound 2: A 500 mL, three-necked RBF was fitted with a stir bar and flame-dried under
vacuum. The flask was flushed with argon, and (triisopropyl)acetylene was added (25.3 mL, 114
mmol), followed by 100 mL of anhydrous THF. The clear solution was stirred at room temperature
under argon, and a solution of isopropyl magnesium chloride (47.4 mL, 2.0 M in THF, 94.8 mmol)
was added dropwise. The solution was heated to 60 'C for 3 h. Compound 1 (3.48 g, 15.8 mmol)
was added in a single portion, and washed into the flask with a further 5 mL of THF. The solution
turned dark reddish brown and was heated to 60 'C overnight. The flask was cooled to room
temperature, and a solution of 10% HCl saturated with SnCl2 was carefully added to the flask. The
reaction mixture was heated at 60 *C with vigorous stirring overnight. The reaction mixture was
cooled to room temperature, diluted with chloroform, extracted with a 10 % solution of aqueous
HCl, dried over magnesium sulfate and concentrated under vacuum. The crude product was
purified via flash column chromatography with pentane as the eluent to yield 5.907 g of a yellow
solid (68% yield).
'H NMR: (500 MHz, CDCl 3 ): 6 7.60 (d, 2H, J= 5.5 Hz), 7.55 (d, 2H, J= 5.5 Hz), 1.22 ppm (m,
42H).
64
Chapter 2
Toward the Synthesis of 2D-Conjugated 2D Polymers
"C NMR (100 MHz, CDCl 3): 6 141.0, 138.6, 128.4, 123.3, 112.3, 102.8, 101.8, 18.9, 11.5 ppm.
HRMS (DART): calc 551.2624 for [M+H]*, found 551.2661.
TIPS TIPS
/ S 1. n-BuLi, THF-780 C Br//B
)P B r B r
s 2. 1,2-dibromotetrachlorethane, S
-78 0C to r.t.
l 1 - H -
TIPS TIPS
Compound 3: A 500 mL Schlenk flask was equipped with a stir bar and flame-dried. Compound
2 (1.0 g, 1.81 mmol) was added to the flask, and the flask was evacuated and filled with argon
three times. Freshly distilled THF (200 mL) was added to the flask, and the pale yellow solution
was cooled to -78 'C and stirred for 10 minutes. n-BuLi (2.04 mL, titrated 2.67 M in hexanes, 5.44
mmol) was added dropwise to the solution, which changed to a darker golden yellow before a
yellow precipitate formed. The reaction mixture was stirred at -78 0C for 15 minutes before
warming to room temperature and stirring for an additional 45 minutes. The reaction mixture was
then cooled back down to -78 'C and stirred for 10 minutes before 1,2-dibromotetrachloroethane
(2.36 g, 7.26 mmol) was added in one portion. The solution was stirred at -78 *C to room
temperature overnight. The solution was then transferred to a RBF and concentrated under
vacuum. The crude product was re-dissolved in chloroform, washed with water, dried over
magnesium sulfate, and concentrated under vacuum. The crude product was purified via
recrystallization with a 1:1 v/v solution of ethyl acetate and chloroform to give 0.898 g of pale
yellow, needle-like crystals (70% yield).
'H NMR (400 MHz, CDCl 3): 8 7.52 (s, 2H), 1.21 ppm (m, 42H).
'
3 C NMR: (100 MHz, CDCl 3 ): 6 142.0, 137.9, 126.0, 117.7, 110.5, 103.2, 101.5, 18.9, 11.4 ppm.
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HRMS (DART): calc 707.0868 for [M+H]*, found 707.0834.
C8 H 17  1. n-BuLi, THF, -78 *C C8H17
s Br 2. Bu3SnCI, -78 *C to r.t. s SnBu3
Compound 4a: A 100 mL Schlenk flask was equipped with a magnetic stir bar and flame-dried
under vacuum. The flask was cooled under argon and anhydrous THF (36 mL) was added,
followed by 2-bromo-3-octylthiophene (1.0 g, 0.826 mL, 3.63 mmol). The pale yellow solution
was stirred at -78 'C for 10 minutes. n-BuLi (1.53 mL, 2.5 M in hexanes, 3.81 mmol) was added
dropwise. The solution was stirred at -78 'C for 1.5 hours before tributyltin chloride (1.18 g, 0.985
mL, 3.63 mmol) was added dropwise. The solution was stirred at -78 0C to room temperature
overnight. A 0.1 M solution of potassium fluoride (25 mL) was poured into the reaction mixture
and stirred for 10 minutes. The reaction mixture was extracted with diethyl ether, dried over
magnesium sulfate, and concentrated under vacuum to yield 1.660 g of a clear yellow oil (crude
yield 94%). The product was used in the next step without further purification.
1H NMR (400 MHz, CDCl 3 ): 5 7.53 (d, 1H, J= 4.8 Hz), 7.10 (d, 1H, J= 4.4 Hz), 2.59 (t, 2H, J
8.0 Hz), 1.55 (m, 6H), 1.33 (m, 18H), 1.11 (m, 6H), 0.90 ppm (m, 12H).
1 3C NMR (100 MHz, CDCl 3): 6 150.9, 131.0, 130.7, 129.2, 33.1, 32.4, 32.1, 29.9, 29.7, 29.4, 29.2,
27.5, 22.8, 14.2, 13.8, 11.0 ppm.
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TIPS TIPS
C8H 17
Br* S Pd(PPh3)4  /Br Br Toluene/DMF S S
(4:1, v/v)
120 C 17
TIPS C8H17 TIPS
s SnBu 3
Compound 5a:
A 100 mL three-necked RBF was equipped with a stir bar and dried in an oven. Compound 3 (269
mg, 0.380 mmol) was added under argon, and compound 4a (553 mg, 1.14 mmol) was dissolved
in anhydrous toluene (30 mL) and added to the flask. Anhydrous DMF (8 mL) was added, to give
a 7:3 v/v mixture of toluene and DMF. The solution was degassed via sparging with argon for 30
minutes. Pd(PPh 3)4 (26.3 mg, 22.8 ptmol) was added, and the flask was heated to 120 "C for 24 h.
The solution was cooled to room temperature and diluted with 20 mL of a 1:1 v/v mixture of
hexanes and ethyl acetate. The solution was washed with a 1 M solution of potassium fluoride,
extracted with diethyl ether, dried over magnesium sulfate, and concentrated under vacuum. The
crude product was purified via column chromatography with pentane as the eluent to yield 149 mg
of a yellow solid (42% yield).
'H NMR (400 MHz, CDCl 3 ): 6 7.59 (s, 2H), 7.28 (d, 2H, J= 5.2 Hz), 7.00 (d, 2H, J= 5.2 Hz),
2.89 (t, 4H, J= 7.6 Hz), 1.70 (p, 4H, J= 7.6 Hz), 1.40 (in, 4H), 1.23 (in, 58H), 0.87 ppm (t, 6H, J
= 6.8 Hz).
13C NMR (100 MHz, CDCl 3): 6 141.5, 141.0, 138.8, 138.4, 130.8, 130.6, 125.3, 121.0, 111.2,
102.7, 102.1, 32.1, 31.0, 29.9, 29.7, 29.7, 29.5, 22.9, 19.0, 14.3, 11.5 ppm.
HRMS (ESI): calc for C5 6H8 2 S4 Si 2 [M']= 938.4832, found 938.4851.
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TIPS TIPS
C12H-25
BrS Br 
Pd(PPh 3)4
S NaCO
THF, 65 *C C1225
C12H-25
TIPS \B o
Compound 5b: Compound 3 (100 mg, 0.141 mmol) was added to an oven-dried, three-necked
RBF fitted with a reflux condenser. Compound 4b (134 mg, 0.353 mmol), a IM solution of
Na2 CO3 (1.27 mL), and freshly distilled THF (5 mL) were added. The solution was degassed under
argon via freeze-pump-thaw. Pd(PPh3)4 (9.78 mg, 8.47 pimol) was added to the solution and the
reaction mixture was heated to reflux for 24 h. The reaction was cooled to room temperature and
diluted with water. The diluted reaction mixture was extracted with chloroform, and the organic
layer was washed with water, dried over magnesium sulfate, filtered, and concentrated under
vacuum. The product was purified via flash column chromatography (100% hexanes) to yield 122
mg of a yellow oil (82% yield).
1H NMR (400 MHz, CDCl 3): 6 7.59 (s, 2H), 7.28 (d, 2H, J= 5.2 Hz), 7.00 (d, 2H, J= 5.2 Hz),
2.89 (t, 4H, J= 7.6 Hz), 1.70 (p, 4H, J= 7.6 Hz), 1.40 (in, 4H), 1.23 (in, 58H), 0.87 ppm (t, 6H, J
= 6.8 Hz).
13C NMR (100 MHz, CDCl 3): 5 141.5, 141.0, 138.8, 138.4, 130.8, 130.6, 125.3, 121.1, 111.2,
102.7, 102.1, 32.1, 31.0, 29.9, 29.7, 29.7, 29.5, 22.9, 19.0, 14.3, 11.5 ppm.
HRMS (ESI): calc for C64 H9 8S 4 Si2 [M+H]+ = 1051.6163, found 1051.6183.
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S 
s 1 C81
S S
TIPS -/ - TIPS TBAF -
THF,0 C
S S
C8H 17  S CBH 17  S
Compound 6a: A 25 mL Schlenk flask was equipped with a magnetic stir bar and dried in an
oven. Anhydrous THE (6.4 mL) was used to wash compound 5a (149 mg, 0.159 mmol) into the
flask. The clear, bright yellow solution was stirred under argon at 0 'C for 10 minutes before TBAF
(1.0 M in THF, 0.317 mL) was added dropwise. The solution turned greenish brown upon addition.
The reaction mixture was stirred at 0 0C for 30 minutes. The reaction mixture was diluted with
water, extracted with chloroform, washed with brine, dried over magnesium sulfate, and
concentrated under vacuum. The crude product was purified via flash column chromatography
with a 95:5 v/v mixture of hexanes:DCM as the eluent, yielding a dark yellow solid (0.088 g, 89
% yield).
1H NMR (400 MHz, CDCl 3): 7.58 (s, 2H), 7.29 (d, 2H, J= 5.2 Hz), 7.00 (d, 2H, J= 5.2 Hz), 3.85
(s, 2H), 2.90 (t, 4H, J= 8.0 Hz), 1.70 (p, 4H, J= 7.6 Hz), 1.41 (in, 4H), 1.25 (in, 16 H), 0.86 ppm
(t, 6H, J= 7.2 Hz).
13C NMR (100 MHz, CDCl 3): 141.7, 140.9, 139.1, 138.8, 130.6, 130.4, 125.6, 120.8, 110.2, 87.2,
79.6, 32.0, 30.9, (29.9), 29.6, 29.6, 29.6, 29.5, 22.8, 14.3 ppm.
HRMS (ESI): calc for C3 8H42 S4 [M]*= 626.2164, found 626.2171.
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S C12H-25 S C12H-25
S S
TIPS - --- TIPS TBAF AWN-
THF,0 C
S S
C 12H 25 / S C 12H25  SC
Compound 6b: Compound 5b (92.0 mg, 0.0875 mmol) was dissolved in anhydrous THF (3.5 mL)
and added to a flame-dried 10 mL Schlenk flask under argon. The clear yellow solution was stirred
in an ice bath at 0 'C for five minutes before tetrabutylammonium fluoride (52.5 ptL of a 1.0 M
solution in THF, 0.0525 mmol) was added to the solution dropwise. The solution was stirred at 0
'C for thirty minutes. The reaction was quenched with water, extracted with chloroform, washed
with brine, dried over magnesium sulfate and concentrated under vacuum. The product was
purified via flash column chromatography (95:5 hexanes/dichloromethane) to yield 58.0 mg of
product (90% yield).
1H NMR (500 MHz, CDCl 3 ): 6 7.58 (s, 2H), 7.29 (d, 2H, J= 5.2 Hz), 6.99 (d, 2H, J= 5.2 Hz),
3.85 (s, 2H), 2.90 (t, 4H, J= 7.7 Hz), 1.70 (p, 4H, J= 7.6 Hz), 1.40 (m, 4H), 1.24 (in, 32H), 0.86
ppm (t, 6H, J= 6.7 Hz).
"C NMR (MHz, CDCl 3 ): 6 141.7, 140.9, 139.1, 138.8, 130.6, 130.5, 125.5, 120.7, 110.2, 87.2,
79.6, 32.1, 30.8, 29.8, 29.8, 29.8, 29.8, 29.6, 29.6, 29.6, 29.5, 22.8, 14.3 ppm.
HRMS (ESI): calc for C4 6H5 8 S4 [M+H]* = 739.3494, found 739.3514.
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08CH1 7  0 s1
S 0 Pd(PPh) 4  S
Cu
i-Pr2NH,
S toluene, 65 OC
C8 H 17  Cr1
Polymer P1: A 25 mL Schlenk flask was equipped with a stir bar and oven-dried. The flask was
cooled under argon and evacuated and refilled with argon three times. Monomer 6a (87.0 mg,
0.139 mmol) was dissolved in anhydrous toluene (9.7 mL) and washed into the flask. Compound
7 (91.0 mg, 0.139 mmol) was added to the flask, followed by diisopropylamine (4.2 mL). The
solution was degassed via sparging with argon for 30 minutes. Pd(PPh3)4 (9.62 mg, 8.33 pLmol)
and copper (I) iodide (1.59 mg, 8.33 pimol) were added, and the flask was sealed and heated to 65
0C for 48 hours. The flask was cooled to room temperature, and the reaction mixture was
concentrated under vacuum. The crude polymer was re-dissolved in a minimum amount of
chloroform and precipitated into methanol. The precipitate was collected via centrifugation for 10
minutes at 13,000 rcf, and re-dissolved into chloroform and concentrated under vacuum. The
polymer was re-dissolved into a minimum amount of chloroform and precipitated into hexanes.
The precipitate was collected via centrifugation under the same conditions to yield 125 mg of a
dark red solid (88% yield).
1H NMR (400 MHz, CDCl 3): 6 7.75, 7.74, 7.72, 7.70, 7.45, 7.33, 7.24, 7.06, 7.03, 4.36, 4.26, 4.20,
3.99, 3.94, 3.94, 3.84, 3.71, 3.66, 3.51, 3.41, 3.37, 3.29, 2.94, 1.71, 1.59, 1.38, 1.26, 1.19, 0.81
ppm.
GPC (THF): Mn = 13,100 g/mol, D = 1.77.
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Ss3 SS C 12H 2 5 0 C 12H 2 5S _-
S 10 Pd(PPh3 )4  S 0
- I Cul
i-Pr2NH,S toluene, 65 *C
C 12H2  / s C12H25 /
Polymer P2: A 25 mL Schlenk flask was equipped with a stir bar and flame-dried under vacuum,
and the flask was evacuated and refilled with argon three times. A 7:3 v/v mixture of toluene and
diisopropylamine was degassed via sparging with argon for 30 minutes. A portion of the solvent
mixture (5 mL) was used to wash compound 6b (48.0 mg, 64.9 ptmol) into the flask, and an
additional 2 mL of the solvent mixture was used to wash compound 7 (42.5 mg, 64.9 pimol) into
the flask (7 mL total). The solution containing both monomers was sparged with argon for 10
minutes. Pd(PPh3)4 (4.50 mg, 3.90 tmol) and copper (I) iodide (0.742 mg, 3.90 pmol) were added.
The solution was heated to 65 'C for 48 hours. The reaction mixture was cooled to room
temperature and concentrated under vacuum. The crude polymer was re-dissolved in a small
amount of chloroform and precipitated into methanol. The precipitate was collected via
centrifugation for 10 minutes at 13,000 rcf and re-dissolved into a small amount of chloroform.
The polymer was then precipitated into hexanes, and the precipitate was collected via
centrifugation under the same conditions to give 39 mg of a dark red solid (53% yield).
'H NMR (500 MHz, CDCl 3): 6 7.73, 7.68, 7.65, 7.64, 7.49, 7.49, 7.42, 7.31, 7.05, 7.00,4.62,4.29,
4.19, 4.13, 3.91, 3.85, 3.70, 3.59, 3.52, 3.43, 3.37, 3.30, 3.26, 3.19, 2.91, 1.95, 1.66, 1.53, 1.20,
1.11, 0.82 ppm.
GPC (THF): Mn = 30,000 g/mol, D = 1.81.
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S C12H25 S C12H25 12 2
S PdCI 2(PPh 3)2
- I Cul
+
triethylamine
S THF, 50"C
C 12H 25 / ' C12H25 / 
Compound 8: A 25 mL Schlenk tube was flame-dried under vacuum and flushed with argon and
evacuated three times. Anhydrous THF and triethylamine (4:1 v/v mixture) were degassed via
sparging with argon for 15 minutes. The solvent mixture (1.2 mL) was used to transfer compound
6b (15.0 mg, 20.3 pmol) into the Schlenk tube. Iodobenzene (5.45 PL, 48.7 mmol) was added, and
the solution was sparged with argon for five minutes. PdCl 2(PPh3)2 (2.85 mg, 4.06 ptmol) was
added, followed by copper (I) iodide (0.773 mg, 4.06 pimol). The flask was sealed and heated to
50 'C for 24 hours. The reaction mixture was cooled to room temperature, diluted with
dichloromethane, washed with water and brine, dried over magnesium sulfate, and concentrated
under vacuum. The crude product was purified via flash column chromatography with a 4:1
mixture of hexanes and dichloromethane as the eluent to give 10 mg of product (56% yield).
'H NMR (400 MHz, CDCl 3): 6 7.69 (in, 4H), 7.67 (s, 2H), 7.42 (in, 2H), 7.41 (d, 4H, J= 2 Hz),
7.30 (d, 2H, J= 5.2 Hz), 7.01 (d, 2H, J= 5.2 Hz), 2.93 (t, 4H, J= 7.8 Hz), 1.73, (p, 4H, J= 7.6
Hz), 1.43 (m, 4H), 1.26-1.21 (in, 32H), 0.86 ppm (t, 6H, J= 7.0 Hz).
"C NMR (125 MHz, CDCl 3 ): 6 141.6, 140.5, 138.5, 138.4, 131.9, 130.7, 130.6, 129.0, 128.6,
125.4, 123.0, 121.2, 111.1, 99.6, 85.7, 32.1, 31.0, 29.8, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.7,
29.5, 22.8, 14.3 ppm.
MALDI-TOF-MS: calc for C58 H66S4 [M']= 890.4042, found 890.68.
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\ / 1. n-BuLi, THF, -78 *C SnBu3
o o 2. Bu3SnCi, -78 *C to r.t. 0 0
C 8H17 0H 17  C8  C 8H 17
Compound 11: A 25 mL Schlenk flask was equipped with a stir bar and oven-dried. The flask
was cooled under argon and anhydrous THF was added (6 mL). Compound 9 was measured out
in a syringe and added to the solvent (193 mg, 0.507 mmol). The clear solution was cooled to -78
*C and stirred for 10 minutes. A solution of n-BuLi (0.221 mL, titrated 2.41 M in THF, 0.532
mmol) was added dropwise and the solution was stirred for 1.5 hours at -78 *C. Tributyltin chloride
was added dropwise at -78 "C. The flask was stirred at room temperature overnight. A solution of
0.1 M potassium fluoride was poured into the reaction mixture and stirred for 10 minutes. The
solution was extracted with diethyl ether, dried over magnesium sulfate, and concentrated under
vacuum to yield 319 mg of crude product (80% product by NMR, 20% starting material). The
product was used without further purification.
IH NMR (400 MHz, CDCl 3): 6 6.67 (s, 1H), 3.82 (s, 2H), 3.75 (s, 2H), 1.56 (m, 4H), 1.36-1.27
(m, 36H), 1.07 (m, 6H), 0.89 ppm (m, 15H).
13C NMR (100 MHz, CDCl 3 ): 6 155.8, 150.5, 114.8, 111.1, 77.3, 43.7, 32.2, 32.0, 30.7, 30.6,
29.6, 29.5, 29.4, 29.2, 27.6, 27.4, 23.0, 23.0, 13.9, 10.8, 8.9 ppm.
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TIPS TIPS
Br/ Pd(PPh3)4  S
B r B r 1 Ph2r toluene S s s -
110 0C, 24 h
TIPS SSnBu TIPS
Compound 16: A 25 mL three-necked RBF was equipped with a gas inlet adapter and condenser
and flame-dried. Anhydrous toluene was added (14 mL). Compound 15 was washed into the flask
with toluene, and compound 3 was added. The solution was degassed via sparging with argon for
20 minutes. Pd(PPh3)4 was added, and the flask was sealed and heated to 110 'C for 24 hours. The
reaction mixture was then cooled to room temperature and washed with a 5 wt. % solution of
potassium fluoride in water. The mixture was extracted with diethyl ether and concentrated under
vacuum. The crude product was purified via flash column chromatography with a gradient solvent
from 100% hexanes to 95:5 hexanes/DCM to 90:10 hexanes/DCM to 60:40 hexanes/DCM.
Collected both mono-adduct (16% yield) and bis-adduct (target product 16, 39 mg, 31% yield).
'H NMR (400 MHz, CDCl 3): Compound 16 exhibits poor solubility in deuterated chloroform. 6
7.61 (s, 2H), 7.23 (dd, 2H, J= 1.2 Hz, 5.2 Hz), 7.18 (dd, 2H, J= 1.2 Hz, 3.6 Hz), 7.08 (m, 4H),
7.03 (dd, 2H, J= 3.6 Hz, 4.8 Hz), 1.26 ppm (m, 42H).
"C NMR: Compound 16 exhibits poor solubility in deuterated chloroform. 6 139.4, 128.1, 124.7,
124.5, 124.4, 123.9, 114.2, 77.4, 34.0, 30.3, 30.2, 29.9, 29.8, 29.8, 29.7, 29.5, 29.3, 29.1, 22.9,
19.0, 11.5 ppm.
HRMS (DART): calc for C4 8Hs5 Si 2 S6 [M+H] = 879.2167, found 879.2113.
75
Chapter 2
Toward the Synthesis of 2D-Conjutgated 2D Polymers
2.6 References
(1) Zeng, M.; Xiao, Y.; Liu, J.;
10.102 1/acs.chemrev.7b00633.
Yang, K.; Fu, L. Chem. Rev. Article ASAP, DOI:
(2) Skotheim, T. A.; Reynolds, J. R. Handbook of Conducting Polymers, 3rd ed.; CRC Press:
Boca Raton, 2007.
(3) Moliton, A.; Hioms, R. C. Polym. Int. 2004, 53, 1397.
(4) Gutzler, R. Phys. Chem. Chem. Phys. 2016, 18, 29092.
(5) Schliiter, A. D.; Payamyar, P.; Ottinger, H. C. Macromol. Rapid. Commun. 2016, 37, 1638.
(6) Sakamoto, J.; van Heijst, J.; Lukin, 0.; Schliter, A. D. Angew. Chem. Int. Ed. 2009, 48, 1030.
(7) Kissel, P.; Erni, R.; Schweizer, W. B.; Rossell, M. D.; King, B. T.; Bauer, T.; G6tzinger, S.;
Schltter, A. D.; Sakamoto, J. Nat. Chem. 2012, 4, 287.
(8) Kissel, P.; Murray, D. J.; Wulftange, W. J.; Catalano, V. J.; King, B. T. Nat. Chem. 2014, 6,
774.
(9) Liu, W.; Luo, X.; Bao, Y.; Liu, Y. P.; Ning, G.-H.; Abdelwahab, I.; Li, L.; Nai, C. T.; Hu, Z.
G.; Zhao, D.; Liu, B.; Quek, S. Y.; Loh, K. P. Nat. Chem. 2017, 9, 563.
(10) Lafferentz, L.; Eberhardt, V.; Dri, C.; Africh, C.; Comelli, G.; Esch, F.; Hecht, S.; Grill, L.
Nat. Chem. 2012, 4, 215.
(11) Payamyar, P.; Kaja, K.; Ruiz-Vargas, C.; Stemmer, A.; Murray, D. J.; Johnson, C. J.; King,
B. T.; Schiffmann, F.; VandeVondele, J.; Renn, A.; G6tzinger, S.; Ceroni, P.; Schtitz, A.;
Lee, L.-T.; Zheng, Z.; Sakamoto, J.; Schliter, A. D. Adv. Mater. 2014, 26, 2052.
(12) Payamyar, P.; Servalli, M.; Hungerland, T.; Schitz, A. P.; Zheng, Z.; Borgschulte, A.;
Schliter, A. D. Macromol. Rapid Commun. 2015, 36, 151.
(13) Miller, V.; Shao, F.; Baljozovic, M.; Moradi, M.; Zhang, Y.; Jung, T.; Thompson, W. B.;
King, B. T.; Zenobi, R.; Schliter, A. D. Angew. Chem. Int. Ed. 2017, 56, 15262.
(14) Zhang, N.; Wang,
2017, 11, 7223.
T.; Wu, X.; Jiang, C.; Zhang, T.; Jin, B.; Ji, H.; Bai, W.; Bai, R. A CSNano
(15) Kim, J.; McHugh, S. K.; Swager, T. M. Macromolecules 1999, 32, 1500.
(16) Kim, J.; Swager, T. M. Nature 2001, 411,1030.
(17) Slocum, D. W.; Gierer, P. L. J. Am. Chem. Soc. 1976, 41, 3668.
76
Chapter 2
Toward the Synthesis of 2D-Conjugated 2D Polymers
(18) Bromination reaction conditions adapted from: Mori, T.; Yanai, N.; Osaka, I; Takimiya, K.
Org. Lett. 2014, 16, 1334.
(19) Kong, H.; Jung, Y. K.; Cho, N. S.; Kang, I.-N.; Park, J.-H.; Cho, S.; Shim, H.-K. Chem.
Mater. 2009, 21, 2650.
(20) Cosnier, S.; Karyakin, A. Electropolymerization: Concepts, Materials, and Applications;
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2010.
(21) Reeves, B. D.; Grenier, C. R. G.; Argun, A. A.; Cirpan, A.; McCarley, T. D.; Reynolds, J. R.
Macromolecules 2004, 37, 75591
(22) Wang, Z.; Tao, F.; Xi, L.; Meng, K.; Zhang, W.; Li, Y.; Jiang, Q. J. Mater. Sci. 2011, 46,
4005.
(23) Conditions for Negishi coupling with ProDOTs: Galand, E. M.; Mwaura, J. K.; Argun, A.
A.; Abboud, K. A.; McCarley, T. D.; Reynolds, J. R. Macromolecules 2006, 39, 7286.
(24) Liu, S.; Bao, X.; Li, W.; Wu, K.; Xie, G.; Yang, R.; Yang, C. Macromolecules 2015, 48,
2948.
(25) Wang, Y.; Parkin, S. R.; Watson, M. D. Org. Lett. 2008, 10, 4421.
77
Chapter 2
Chapter 2 Toward the Synthesis of 2D-Conjugated 2D Polymers
2.7 Appendix for Chapter 2
2.7.1 NMR Spectra
Figure 2.13 Compound 2 IH NMR and 13C NMR (CDC1 3).
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Figure 2.14 Compound 3 'H NMR and 'IC NMR (CDC1 3).
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Figure 2.15 Compound 4a 'H NMR and 13 C NMR (CDC13).
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Figure 2.16 Compound 5a 'H NMR and 13C NMR (CDC1 3).
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Figure 2.17 Compound 5b 1H NMR and 13C NMR (CDC13).
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Figure 2.18 Compound 6a IH NMR and 13C NMR (CDC 3).
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Figure 2.19 Compound 6b 'H NMR and 13C NMR (CDC1 3 ).
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Figure 2.20 Polymer P1 'H NMR (CDC13).
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Figure 2.21 Polymer P2 'H NMR (CDC1 3).
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Figure 2.22 Compound 8 IH NMR and 13C NMR (CDC 3).
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Figure 2.23 Compound 11 'H NMR and 3C NMR (CDC1 3).
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Figure 2.24 Compound 16 'H NMR and 1 3C NMR (CDC1 3).
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2.7.2 Comparison of UV-Vis Emission Spectra for Monolayers of P1 and P2
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Figure 2.25 Fluorescence spectra for solutions, monolayers, and thin films of polymers P1 and
P2. As expected, the fluorescence trace of the monolayer falls in between that of the solution
and thin film for both polymers.
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2.7.3 Cyclic Voltammograms of P1 and P2 on ITO-Coated Glass Working Electrodes
Figure 2.26 Cyclic voltammograms of P1 spin-coated onto ITO-coated glass working electrodes
(a)
Conditions for electrochemistry: scan at
100 mV/s in 0.1 M NBu4PF6 in acetonitrile
versus Ag/AgNO3, with a platinum coil
counter electrode.
(a) 10 cycles from -0.2 V to 1.3 V versus
Ag/AgNO3.
(b) 10 cycles from -0.2 V to 1.5 V versus
Ag/AgNO3.
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Figure 2.27 Cyclic voltammograms of P2 spin-coated onto ITO-coated glass working electrodes
Conditions for electrochemistry: scan at
100 mV/s in 0.1 M NBu4PF6 in acetonitrile
versus Ag/AgNO3, with a platinum coil
counter electrode.
(a) 10 cycles from -0.2 V to 1.1 V versus
Ag/N03.
(b) 10 cycles from -0.2 V to 1.3 V versus
Ag/AgNO3.
(c) 10 cycles from -0.2 V to 1.5 V versus
Ag/AgNO3.
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2.7.4 Pressure-Area Isotherm Studies for P5 Polymer
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Figure 2.28 P5 pressure-area isotherm reversibility investigation. P5 was compressed to a
minimum area of 25 A 2 (black), 55 A2 (red), and 65 A2 (blue) and cycled three times. The
reversibility of the pressure-area isotherm does not show significant improvement with
compression to a larger total area, suggesting that once pressure has been applied to P5 the
polymer prefers to remain aggregated or entangled with itself.
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2.7.5 Electrochemistry of Monolayers of P5 Transferred Using the Langmuir-Schaefer
Technique
(a)
a
Figure 2.29 Cyclic voltammetry of monolayers
of P5 transferred to HOPG and
platinum/titanium on glass electrodes using the
Langmuir-Schaefer transfer technique.
Electrochemistry was carried out in a glovebox.
(a) Electrochemistry of P5 on HOPG.
Cycled lOx from -0.5 V to 1.5 V versus
Ag/AgNO3 at a rate of 100 mV/s in 0.1
M NBu4PF6 in acetonitrile.
(b) Electrochemistry of P5 on
platinum/titanium on glass. Cycled 1Ox
from 0.0 V to 1.5 V versus Ag/AgNO3
at a rate of 100 mV/s in 0.1 M NBu4PF6
in acetonitrile.
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2.7.4 Theoretical Space-Filling Visualization of Target 2D Polymers
Figure 2.30 Face-on and edge
on views of a space-filling
model of a simplified version
of the 2D polymer that could
theoretically be made from P1
or P2. The structure was
modeled optimized using
Avogadro, with universal force
field.
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CHAPTER 3
ELECTROCHEMICAL AND CHEMICAL SYNTHESIS
OF CONJUGATED POLYMER NETWORKS FROM ID-
CONJUGATED POLYMERS
Parts of this chapter were reprinted from White, K. R.; Swager, T. M. "Electrochemical and
Chemical Synthesis of Conjugated Poly(arylene ethynylene) Networks with Thiophene-Based
Crosslinks." in preparation.
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3.1 Introduction
Conjugated polymers are well known for their useful optical and electronic properties.' In
recent years, interest has grown in exploring the synthesis of conjugated architectures aside from
linear conjugated polymers, including conjugated polymer networks, 2 conjugated polymer
nanoparticles, 3 and conjugated 2D-polymers.4 Conjugated polymer networks are of particular
interest for their applications in charge transport and energy storage, catalysis, gas separation and
other areas.5 A number of classes of conjugated polymer networks have been synthesized starting
from small molecule precursors, including those with core structures composed of
polythiophene,6,7, 8 polyaniline,9 poly(arylene ethynylene), 0,',1 2 and others. Additional efforts
have targeted the crosslinking of precursor conjugated polymers to form conjugated polymer
networks.13, 14 ,15 ,16, 1 7
Both chemical and electrochemical techniques have been used to access conjugated
polymer networks, and in a number of cases both methods have served as complementary
strategies to access materials with varying physical morphologies. Solution-based crosslinking
strategies often make use of transition metal-catalyzed cross-coupling or stoichiometric oxidative
coupling with iron(III) chloride.2 The conjugated networks produced by these techniques are
frequently insoluble and difficult to process, but syntheses are often readily scalable and able to
be used to produce large quantities of material. Electrochemical synthesis provides a rapid,
catalyst-free approach to high quality thin films of conjugated polymer networks, and numerous
reports have detailed the successful electrochemical synthesis of conjugated networks from
thiophene-, carbazole- and/or aniline-substituted small molecules and precursor polymers.15-18
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3.2 Conjugated Polymer Networks from 1D-Conjugated Polymers
In the present work, we will explore the synthesis of conjugated polymer networks with
conjugated crosslinks starting from precursor iD-conjugated poly(arylene ethynylene)s. In
contrast to a number of previous precursor polymer-based approaches, the crosslinkable moieties
are fully in conjugation with the primary polymer backbone. Linear starting polymers of interest
are shown in Scheme 3.1. Pendant bithiophene and thiophene moieties provide a handle for
oxidative crosslinking between polymer chains to form conjugated networks. The synthesis of
conjugated polymer networks from these polymers will be carried out using electrochemical and
chemical techniques.
Our initial precursor poly(arylene ethynylene)s will be produced via a copolymerization
between the thiophene- and bithiophene-substituted monomers and a diiodo-substituted
comonomer with hydrophilic sidechains. Following the demonstration of successful polymer
crosslinking in solution or at an electrode surface, we envision that this hydrophilic functionality
could enable the synthesis of conjugated networks at the interface between an organic phase and
an aqueous phase. As the functionality of the comonomer does not play a critical role in the ability
S
- R
R
S S R'
ORS OR*SOR* S OR*
n n
S R*O S R*O
S R
R R
R -R = 61
S R'=C8 H17
P1-BT P2-T R* = 0
Scheme 3.1 Poly(arylene ethynylene) polymers substituted with bithiophene and thiophene
moieties that could provide a handle for electrochemical or chemical crosslinking to form
conjugated polymer networks.
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of the polymer to undergo crosslinking, we also anticipate that additional precursor polymer
structures with varying comonomer functionalities could be synthesized and crosslinked to explore
a variety of different conjugated poly(arylene ethynylene) network properties and applications.
3.3 Results and Discussion
3.3.1 Synthesis and Characterization of 1D-Conjugated Polymers
The synthesis of thiophene-substituted polymer P2-T and TIPS-substituted dibromo-
benzodithiophene 3 was carried out as described in Chapter 2. Tributyltin-substituted bithiophene
2 and diiodo-substituted comonomer 6 were synthesized according to literature procedures.19,2 0
The synthesis of bithiophene-substituted monomer 5 is shown in Scheme 3.2. TIPS-protected
monomer precursor 4 was synthesized via Stille coupling between dibromo-TIPS-
benzodithiophene 3 and tributyl-tin-substituted bithiophene 2 in a good yield of 88%. Deprotection
TIPS
CH13CH1 3
1. n-BuLi, THF, -78 /C / S
I! i Snu Br IBr5 2. Bu 3SnCI, -78 OC to r.t. SnBU B
C6 13 131 97% crude yield 2 3
TIPS
C6H13
TIPS H1 3C6  -
H13CC
S 3, Pd(PPh3) 4  / TBAF
s SnBu3 toluene/DMF C6H13 THF, OC
C6H13 120 *C, 24 h C H C 5
88% yield TIPS 82% yield C
- C6H13
S
Scheme 3.2 Synthesis of bithiophene-substituted dialkyne monomer 5 via Stille coupling
between benzodithiophene 3 and tin-substituted bithiophene 2 and subsequent deprotection
with TBAF.
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S S
C6H13 C6 H1 3
H13C6 - / 3 H 13C6  -
s 0 S
S3S 10 Pd(PPh3 )4  S 0
I i-Pr2NH, n
5 S6 0 toluene, 65 *C S 0
S 1 S r
C 6H13  6 -13 3
H13C6  - H13C8  -
S S/
Scheme 3.3 Sonogashira coupling polymerization of monomer 5 and comonomer 6 to produce
bithiophene-substituted polymer P1-BT.
of the TIPS-substituted monomer precursor with tetrabutylammonium fluoride afforded monomer
5 in 82% yield.
Bithiophene-substituted polymer P1-BT was synthesized via Sonogashira coupling
between benzodithiophene monomer 5 and diiodo-substituted comonomer 6 with catalytic
palladium tetrakis(triphenyl)phosphine and copper (I) iodide (Scheme 3.3). Heating at 65 'C for
48 hours, followed by purification via successive precipitation into methanol and hexanes afforded
151 mg of a dark red polymer (34% yield). The polymer was highly soluble in most organic
solvents, including chloroform, dichloromethane, toluene, and THF. GPC of the polymer in THF
gave a molecular weight of 17,400 g/mol and a dispersity of 1.79. The polymer was further
characterized by UV-vis absorption and emission spectroscopy, 1H NMR spectroscopy, and
thermogravimetric analysis (see Appendix).
Following synthesis and characterization of polymer P1-BT, conditions for the
electrochemical and chemical crosslinking of polymers P1-BT and P2-T were explored.
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3.3.2 Electrochemical Synthesis and Characterization of Conjugated Polymer Networks
Polymers P1-BT and P2-T (0.3 mM per polymer repeat unit in 0.1 M NBu4PF6/DCM)
were electrochemically crosslinked and deposited on the surface of platinum button electrodes
(Figure 3.1 and Appendix Figures 3.11 and 3.12). The potential of the electrode was swept from
0.0 V to 1.5 V versus Ag/AgNO3 at a scan rate of 100 mV/s, resulting in an increase in the
electroactivity of the electrode surface with each successive scan, indicating the growth of
crosslinked polymers. After the deposition, the platinum button electrodes coated with crosslinked
(a) 15 (b) 15PI-BT P-PI1-BT
10 10
5 5
0 0
-5 -5
-10 .. . . ' ' .. ' ... . - -10 .. - . . .' .' .-
-0.2 0.2 0.6 1.0 1.4 -0.2 0.2 0.6 1.0 1.4
potential (V vs. Ag/AgNO3) potential (V vs. Ag/AgNO3)
(c) 10 (d) 10
P2-T P-P2-T
5 5
0 0
-5 .' .' .- -5 .' .' ...-...' ..
-0.2 0.2 0.6 1.0 1.4 -0.2 0.2 0.6 1.0 1.4
potential (V vs. Ag/AgNO3) potential (V vs. Ag/AgNO3)
Figure 3.1 Polymerizations of P1-BT (a) and P2-T (c) at 0.02 cm 2 Pt button electrodes in 0.1
M NBu4PF6/DCM at a scan rate of 100 mV/s, 0.3 mM polymer concentration in DCM, 10
scans; cyclic voltammograms of electropolymerized P-P1-BT (b) and P-P2-T (d) in starting-
polymer-free fresh electrolyte.
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(a) 10 -200 mV/s (b) 10 -200 mV/s
-100 mV/s -100 mV/s
.- 50 mV/s -50 mV/s
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0 0
-5 -5
P-PI -BT P-P2-T
-10 ...- ' ....- - ..- - ... ' ' ' ' - -10 . . . . . . .
-0.2 0.2 0.6 1.0 1.4 -0.2 0.2 0.6 1.0 1.4
potential (V vs. Ag/AgNO potential (V vs. Ag/AgNO3)
Figure 3.2 Cyclic voltammograms of P-P1-BT (a) and P-P2-T (b) at different scan rates
ranging from 5 mV/s to 200 mV/s in fresh 0.1 M NBu 4PF6/DCM electrolyte solution. The
polymerized films were prepared as described in Figure 3.1.
polymer were rinsed with fresh electrolyte to remove any free polymer and transferred to new
electrochemical cells to obtain cyclic voltammograms in the absence of the starting polymer at the
same scan rate as was used for electropolymerization, 100 mV/s (Figure 3. 1b and 3. ld). Cyclic
voltammograms of the crosslinked polymers were also obtained at scan rates varying from 5 mV
s-1 to 200 mV s- (Figure 3.2). A linear relationship between scan rate and cathodic peak current
was observed for both crosslinked polymers (see Appendix Figure 3.13), an anticipated result for
polymers deposited on an electrode where current is not controlled by diffusion. 21
In-situ conductivity studies were carried out on crosslinked films of P-P1-BT and P-P2-T
that had been electrodeposited across interdigitated platinum electrodes. 22,23,24 A small offset
voltage (VD = 40 mV) was applied between the two electrodes, and scanning was carried out at a
slow rate (2 mV/s) between 0.0 V and 1.0 V and 0.0 V and 1.5 V versus Ag/AgNO3. The drain
current (iD) between the two electrodes was recorded and converted to absolute conductivity (a)
via the following equation,
iD W
VDnTL
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-2.OE-05 -1.0E-04
-0.2 0.2 0.6 1.0 -0.2 0.2 0.6 1.0 1.4
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Figure 3.3 In-situ conductivity versus oxidation potential for crosslinked P-P1-BT on 5 pm
interdigitated platinum electrodes in 0.1 M NBu4PF6 at a scan rate of 2 mV/s with an offset
potential of 40 mV between the two working electrodes. The maximum absolute conductivity
of crosslinked P-P1-BT at 1.5 V is 3.69 x 10-4 S cm'. (a) Scan from 0.0 to 1.0 V at 2 mV/s: no
significant loss of conductivity is observed on the reverse sweep. (b) Scan from 0.0 to 1.5 V at
2 mV/s: some loss of conductivity is observed on the reverse sweep.
where W is the spacing between the electrodes, n is the number of gaps between the electrodes, T
is the minimum thickness of the polymer film connecting the electrodes, and L is the length of the
finger. 22 The absolute conductivity versus applied potential for crosslinked P-P1-BT is shown in
Figure 3.3. Scanning at 2 mv/s to 1.0 V and back shows an essentially reversible return sweep,
while scanning to 1.5 V shows some decrease in absolute conductivity on the return cycle. A drain
current was not observed between the two electrodes for crosslinked P-P2-T, indicating that the
crosslinked polymer was not measurably conductive, in contrast to crosslinked P-P1-BT. Thin
films of un-crosslinked polymers P1-BT and P2-T were not found to be measurably conductive
by four-point probe, indicating that crosslinking led to a significant gain in conductivity for P-P1-
BT.
The electrochemically crosslinked polymers were further characterized by UV-visible
absorption spectroscopy. Thin films of crosslinked polymers were electrochemically deposited
onto transparent ITO-coated glass working electrodes (see Appendix Figures 3.14 and 3.15). The
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deposited films were rinsed with dichloromethane to wash away residual free polymer and
NBu4PF6 supporting electrolyte before UV-vis absorption spectra were obtained. The absorption
spectrum of crosslinked polymer P-P1-BT shows a red shift in the absorption onset relative to the
thin film or solution absorption spectra, suggesting a greater degree of conjugation and electronic
delocalization (Figure 3.4). In an interesting contrast, the absorption maxima for crosslinked P-
P2-T are blue-shifted in comparison to the thin film and solution absorption maxima, while the
absorption onset shows a long, red tail. The shorter pendant thiophene moieties of P2-T may result
in closer confinement of the polymer chains upon crosslinking, reducing the overall effective
conjugation length of the polymer. Similar phenomena have also been observed in rapidly-formed
conjugated polymer nanoparticles, where absorption spectra are frequently characterized by blue-
shifted absorption maxima and a long red tail brought about by confinement of the polymer to
small volumes and variation in local order and chain conformations. 3 The longer bithiophene
substituents of P1-BT are hypothesized to provide more room for crosslinks without interrupting
the effective conjugation length of the main polymer backbone.
(a) 1 (b) 1
o0.8 -.. 8
0.4 -0.4
solution -solution
0.2 . ... tnfm ' 0.2 .... thnfl
C- -post-olectropolymn C - -post-electropolymn
0 ' '0
300 400 500 600 700 800 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
Figure 3.4 UV-vis absorption spectra of P1-BT (a) and P2-T (b) in chloroform solution, thin
film on a glass substrate, and post-electrochemical crosslinking and deposition onto transparent
ITO-coated glass substrates.
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3.3.3 Chemical Synthesis and Characterization of Conjugated Polymer Networks
Following electrochemical synthesis and characterization of crosslinked conjugated
polymer networks of P1-BT and P2-T, we next explored the use of chemical oxidation to produce
bulk conjugated polymer networks (Scheme 3.4). Polymer P1-BT or P2-T was subjected to
oxidation with iron(III) chloride in anhydrous chloroform at room temperature. After 48 hours,
dark red-brown powders were isolated via filtration, washed with an excess of methanol, and dried
in a vacuum. The crosslinked conjugated polymer networks C-P1-BT and C-P2-T were found to
be insoluble in organic solvents, and were unable to be characterized by NMR or GPC.
(a) R*O
S S O**
R = C6H 13
Rn R*= _'
Scheme 3.4 Idealized chemical structures of crosslin
polymers C-P1-BT (a) and C-P2-T (b).
(b) * R R*O OR.
n R'= CaH17
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ked conjugated polymer networks of
(a) 100
80
z60
40
20
(b) 100
80
60
40
20
n
0 200 400 600 800 0 200 400 600 800
temperature (OC) temperature (0C)
Figure 3.5 TGA of P1-BT and crosslinked C-P1-BT (a) and TGA of P2-T and crosslinked C-
P2-T (b). Both crosslinked polymers begin to undergo decomposition at higher temperatures
than the un-crosslinked linear polymers.
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Thermogravimetric analysis of the conjugated networks showed greater stability of the
crosslinked materials in comparison to the starting linear polymers (Figure 3.5). Crosslinked
polymer C-P1-BT begins to undergo rapid mass loss (>5%) at 353 "C, while for P1-BT, rapid
decomposition begins at 294 'C. Crosslinked C-P2-T begins to undergo rapid decomposition
(>5%) at 365 *C in contrast to P2-T at 310 0C.
The conjugated polymer networks were further characterized by FTIR spectroscopy, and
the spectra were compared with those of the un-crosslinked polymers (Figure 3.6). Both
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Figure 3.6 FTIR spectra of polymers before and after chemical crosslinking with iron(III)
chloride. (a) Polymer P1-BT and crosslinked polymer C-P1-BT. (b) Polymer P2-T and
crosslinked polymer C-P2-BT.
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crosslinked polymer spectra show a decrease in the intensity of the aromatic thiophene C-He
stretch bands at 3102 cm-1 for crosslinked C-P2-T and 3105 cm-' for C-PI-BT relative to the
aromatic thiophene C-Ha stretching bands for P1-BT and P2-T. The decrease in intensity
provides evidence for crosslinking, suggesting a reduced number of free thiophene or bithiophene
C-Ha bonds in the crosslinked material. The fingerprint region provides additional support for the
formation of crosslinked materials. A decrease in the magnitude of the absorption peak at 718 cm-
' for crosslinked C-P2-T and 722 cm-1 for C-PI-BT corresponding to C-He out-of-plane
deformations in comparison to the peaks in the spectra for linear P2-T and PI-BT suggests that
polymerization occurs at the a-position of the thiophene rings.26 Furthermore, the growth of a band
at 810 cm' in the spectrum for C-P2-T suggests the formation of bithiophene bridges in the bulk
materials. 2 7 The preservation of additional bands between the crosslinked and un-crosslinked
polymers confirms the overall structural similarities between the materials. Bands at 2192 and
2190 cm for PI-BT and C-PI-BT and 2189 and 2192 cm-' for P2-T and C-P2-T respectively
correspond to C-C alkyne stretch in the main linear polymer backbone. Bands corresponding to
thiophene ring stretching are also observed for P1-BT at 1463 cm', C-PI-BT at 1462 cm-1, P2-T
at 1455 cm', and C-P2-T at 1459 cm- .
3.4 Conclusion
In this chapter, we described the electrochemical and chemical synthesis and
characterization of conjugated polymer networks from ID-conjugated thiophene and bithiophene-
substituted poly(arylene ethynylene) precursor polymers. Electrochemical oxidative crosslinking
provided thin films of conjugated polymer networks that were characterized via cyclic
voltammetry, UV-vis spectroscopy, and in-situ conductivity experiments. Chemical crosslinking
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of the linear polymers in solution led to the isolation of bulk conjugated polymer networks that
were characterized by thermogravimetric analysis and IR spectroscopy. The successful synthesis
and characterization of these new types of conjugated poly(arylene ethynylene) networks has
paved the way for the exploration of the synthesis of conjugated polymer networks at interfaces,
work which is currently underway in our laboratory.
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3.5 Experimental Details
3.5.1 Materials and Methods
Reagents were purchased and used without further purification unless otherwise noted.
Anhydrous toluene was obtained from a solvent purification still and passed over columns of
activated alumina before storage over 3 A molecular sieves. Anhydrous THF was either obtained
from a solvent purification system and stored over 3 A molecular sieves or distilled over
sodium/benzophenone and used directly. Solvents were degassed via sparging with argon for 30
minutes.
All reactions were carried out using standard Schlenk techniques under argon atmosphere.
Silica gel (Si0 2, 60 A, 230-400 mesh, particle size 0.040-0.063 mm) was used for column
chromatography (either under gravity conditions or with the application of air pressure), and silica
gel-coated sheets (200 pm) were used for thin layer chromatography. Molecular weights of
polymers were determined via gel permeation chromatography in THF with an Agilent 1260
Infinity GPC system and referenced to polystyrene standards.
All electrochemistry was carried out using a Biologic potentiostat under nitrogen
atmosphere in a glovebox. Electrochemical experiments were carried out in dry dichloromethane
with 0.1 M tetrabutylammonium hexafluorophosphate (NBu4PF6) as the supporting electrolyte.
NBu4PF6 was recrystallized prior to use. Platinum button electrodes and interdigitated platinum
electrodes on glass substrates were cleaned via cyclic voltammetry in a 0.5 M solution of sulfuric
acid, cycling 30 times from 2.0 V to -2.0 V versus Ag/AgCl at a scan rate of 1.0 V/s. Interdigitated
platinum electrodes were purchased from Dropsens (5 pim spacing (G-IDEPT5), cell constant =
0.0059 cm', number of digits = 250 x 2, digit length = 6760 pim). Indium tin oxide coated glass
slides were purchased from Sigma Aldrich (surface resistivity 70-100 Q/square), and cleaned via
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sequential sonication for 10 minutes in acetone, isopropanol, and MilliQ water, followed by UV/0 3
cleaning for an additional 10 minutes. Non-aqueous Ag/AgNO3 reference electrodes were
prepared from a solution of 0.01 M AgNO3 and 0.1 M NBu4PF6 in acetonitrile. Platinum coil
counter electrodes were flame-cleaned with a blow torch prior to use. Thicknesses of the electro-
deposited films were determined using a Veeco Dektak 6M profilometer.
UV-visible absorption spectra were obtained using a Cary 4000 series spectrometer.
Solution samples were taken in quartz cuvettes with spectroscopic grade chloroform, while thin
film samples were prepared on glass microscope coverslips or ITO-coated glass slides. Absorbance
spectra were corrected for background signal by subtracting the absorbance of a solvent-filled
quartz cuvette or blank glass coverslips or ITO-coated glass slides. UV-visible emission spectra
were obtained using a SPEX Fluorolog-3 fluorometer, with solution samples analyzed using right
angle detection, and thin film samples with front-facing detection.
Fourier transform infrared (FTIR) spectroscopy was carried out using a Thermo Scientific
Nicolet 6700 spectrometer equipped with a Ge crystal, and spectra were corrected for background
signal and to suppress atmospheric contaminants. Thermogravimetric analysis (TGA) was carried
out using a either a Q50 or Discovery series TGA from TA Instruments with heating at a rate of
20 0C per minute.
1H NMR and 13C NMR spectroscopy were conducted using a Bruker Avance III HD
spectrometer (400 MHz for 1H, 100 MHz for 3C) or a Varian Inova 500 spectrometer (500 MHz
for 'H, 125 MHz for 3C). Chemical shifts were referenced to residual solvent signals (6 7.26 ppm
for 1H CDCl 3, 77.2 ppm for 13C CDCl 3).
High-resolution mass spectrometry was carried out by the mass spectrometry service of the
MIT Department of Chemistry Instrumentation Facility using positive-ion electrospray ionization
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(ESI) or direct analysis in real time (DART). Matrix-Assisted Laser Desorption/Ionization time-
of-flight (MALDI-TOF) mass analysis was obtained from the MALDI-TOF service of the Koch
Institute MIT Biopolymers Laboratory.
3.5.2 Synthetic Procedures
Compound 3 and polymer P2-T were synthesized as described in Chapter 2. Compounds 2 and 6
were synthesized according to literature procedures. 19,20
TIPS TIPS
Br S Br Pd(PPh3)4  
H13C6
S toluene/DMCF CH1
C61H13 C6H-13
T IP S S n/uI T IP S
\ S SnBU 3
Compound 4: Compound 3 (157 mg, 0.222 mmol) was added to an oven-dried, three-necked RBF
equipped with a reflux condenser. Compound 2 (415 mg, 0.665 mmol) was washed into the flask
with a mixture of toluene and DMF (4:1 toluene/DMF, 22 mL total). The reaction mixture was
degassed under argon via freeze-pump-thaw (3x), and Pd(PPh3)4 was added (15.4 mg, 13.3 ptmol).
The reaction mixture was heated to 120 'C and stirred for 24 hours. The solution was cooled to
room temperature and diluted with a mixture of hexanes and ethyl acetate (1:1, v/v). The organic
layer was washed with brine, dried over magnesium sulfate, filtered, and concentrated under
vacuum. The crude product was purified via flash column chromatography with pentane as the
eluent to produce 200 mg of product (74% yield).
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lH NMR (400 MHz, CDC1 3 ): 6 7.63 (s, 2H), 7.34 (d, 2H, J= 5.2 Hz), 7.22 (s, 2H), 7.01 (d, 2H, J
= 5.3 Hz), 2.60 (t, 4H, J= 7.7 Hz), 2.55 (t, 4H, J= 7.7 Hz), 1.61 (in, 8H), 1.26 (m, 66H), 0.88 ppm
(in, 12H).
13C NMR (100 MHz, CDC1 3): 6 143.7, 143.0, 140.2, 139.6, 138.8, 136.8, 130.1, 128.9, 128.2,
127.3, 125.9, 118.8, 111.4, 102.5, 102.2, 31.9, 31.8, 30.9, 30.8, 29.3, 29.3, 29.1, 22.8, 22.8, 19.0,
14.2, 11.5 ppm.
HRMS (ESI): calc for C72 HI1 2 S 6Si2 [M+H]+= 1215.5917, found 1215.5934.
S /S
-~ C61H13 C61H13
H13C 
- H 13C6  -
S S
S S
TIPS - TIPS TBAF _ -
THF, 0 0C
S S
S S
--- 1C113 C61H13
H 13C6  H13C -
S S
Compound 5: A 25 mL Schlenk flask was equipped with a magnetic stir bar and oven-dried. The
flask was flushed with argon, and compound 4 (508 mg, 0.417 mmol) was added. The flask was
evacuated and backfilled with argon three times, and THF (17 mL) was added. The clear yellow
solution cooled in an ice bath to 0 'C and stirred for ten minutes. Tetrabutylammonium fluoride
(0.835 mL, 1.0 M in THF, 0.835 mmol) was added dropwise, and the solution was stirred at 0 0C
for 30 minutes. The reaction was quenched with water, extracted with chloroform, washed with
brine, dried over magnesium sulfate, filtered, and concentrated under vacuum. The crude product
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was purified via flash column chromatography (95:5 hexanes/DCM) to give 311 mg of product
(82% yield).
'H NMR (400 MHz, CDCl 3): 6 7.56 (s, 2H), 7.34 (d, 2H, J= 5.2 Hz), 7.25 (s, 2H), 7.01 (d, 2H, J
= 5.2 Hz), 3.83 (s, 2H), 2.62 (t, 4H, J= 7.7 Hz), 2.54 (t, 4H, J= 7.7 Hz), 1.61 (m, 8H), 1.31 (m,
24H), 0.90 ppm (m, 12H).
13C NMR (100 MHz, CDCl 3 ): 6 143.6, 142.8, 140.4, 139.5, 139.2, 136.5, 130.3, 128.8, 128.1,
127.4, 125.8, 118.0, 110.2, 87.1, 79.6, 31.8, 31.8, 30.9, 30.7, 29.9, 29.3, 29.3, 29.1, 29.1, 22.7,
14.2 ppm.
MALDI-TOF-MS: calc for C54H62S6 902.32, found 902.34.
S S
-~ C61H13 C61H13
H136 - 1 H13C -
S 0 S 0
S 10 Pd(PPh3 )4  S 0
Cul -
i-Pr2NH, n
S 0 toluene, 65 *C
S 0 S _
-- C61H13 T3 - C61H13 3
H13C- H13
S S
Polymer P1-BT: A 50 mL Schlenk flask was equipped with a stir bar and flame-dried with a blow
torch. The flask was evacuated and filled with argon three times. Monomer 5 (311 mg, 0.344
mmol) was dissolved in dry toluene and added to the flask, followed by comonomer 6 (225 mg,
0.344 mmol) and NN-diisopropylamine (34 mL total volume of a 7:3 v/v mixture of toluene and
N,N-diisopropylamine). The solution was degassed via sparging with argon for 30 minutes.
Pd(PPh3)4 (23.9 mg, 20.7 pmol) and copper(I) iodide (3.93 mg, 20.7 pmol) were added to the flask,
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which was then heated to 65 0C under argon and stirred for 48 hours. After two days, the flask was
cooled to room temperature, and the solution was concentrated under vacuum. The dark red
polymer was re-dissolved in a minimum amount of chloroform and precipitated into methanol.
The polymer precipitate was collected via centrifugation, re-dissolved into chloroform, and
precipitated into hexanes. The dark red precipitate was collected via centrifugation to yield 151
mg of polymer (34% yield).
'H NMR (500 MHz, CDCl 3): 6 7.75 (m), 7.46 (s), 7.38-7.05 (m, br.), 7.01-6.85 (m, br), 4.42,
4.29, 4.23, 4.07, 3.99, 3.95, 3.84, 3.83, 3.72, 3.67, 3.55, 3.49, 3.37, 3.30, 3.25, 2.57, 2.52, 1.57,
1.25, 0.83 ppm.
GPC (THF): M,= 17,400 g/mol, D = 1.79.
S /S
-- C61H13 
~~ C61H13
H13C 
- H13C
S 0 s0
S3 3S 0 S 0
n CHCi 3 , r.t. n
S 0 S 0
(idealized chemical structure)
C61H13 3 
-~ 6C-H13 3
H13C6 H13C --
S S
m
Crosslinked Polymer C-P1-BT: A septum-capped 20 mL glass vial equipped with a stir bar was
flushed with argon and evacuated three times. Polymer P1-BT (30 mg, 23.0 pmol per polymer
repeat unit) was added to the vial, followed by anhydrous chloroform (1.5 mL). A dispersion of
iron(III) chloride (15.0 mg, 92.2 pmol) in chloroform (anhydrous, 0.23 mL) was added to the vial.
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The vial was sealed and stirred at room temperature for 48 hours. A dark brown precipitate formed,
and methanol was added to the vial to quench the reaction. The precipitate was collected on a
Buchner funnel, washed with excess methanol, and dried under vacuum to yield 21 mg of a dark
red-brown insoluble solid (70% yield). The insolubility of the solid precluded characterization of
the material via GPC in THF or NMR spectroscopy.
S C81H17 S C8H17
S 0' S 0'
-
- FeC13
n CH C13, r.t. n
S 0 S 0
(idealized chemical structure)
H17C8 S O H17C8 0
3 3
Crosslinked Polymer C-P2-T: A 25 mL glass vial with a septum cap was equipped with a stir bar
and evacuated and refilled with argon three times. Polymer P2-T (25.0 mg, 24.4 pimol) was added,
followed by anhydrous chloroform (1.63 mL). A dispersion of iron(III) chloride (15.8 mg, 97.5
pmol) in chloroform (anhydrous, 0.244 mL) was added to the vial. The reaction mixture was stirred
at room temperature for 48 hours. The reaction was quenched by the addition of methanol, and the
dark red-brown precipitate was collected on a Buchner funnel. The crosslinked polymer was
washed with excess methanol and dried under vacuum to give 16 mg of a dark red-brown solid
(64% yield). As the crosslinked polymer was insoluble, characterization could not be carried out
by GPC or NMR spectroscopy.
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Electrochemical Polymerization and Characterization on Pt button and ITO-Coated Glass
Electrodes
All preparation of solutions of electrolyte or polymer and electrolyte and all
electrochemistry were carried out in a glovebox under nitrogen atmosphere. 0.3 mM solutions of
polymer (P1-BT or P2-T, concentration calculated per mol repeat unit) were prepared in
anhydrous dichloromethane with 0.1 M NBu4PF6 as the supporting electrolyte. Approximately 5
mL of the polymer/electrolyte solution was transferred to a three-electrode cell. Platinum button
(0.02 cm 2 area) or ITO-coated glass slides (110 mm 2 approximate area) were used as the working
electrodes, a platinum coil was used as the counter electrode, and Ag/AgNO 3 (0.01 M AgNO3 and
0.1 M NBu4PF6 in acetonitrile) was used as the reference electrode. Polymer was electrochemically
crosslinked and deposited onto the electrode surface via 10, 20, or 50 successive scans between
0.0 and 1.5 V, at a scan rate of 100 mV/s. To obtain cyclic voltammograms of the deposited
polymer, all electrodes were removed from the polymer/electrolyte solution, rinsed with fresh
electrolyte solution (0.1 M NBu4PF6 in DCM) to remove any free polymer, and transferred to a
new cell with fresh electrolyte solution. Cyclic voltammograms were recorded from 0.0 V to 1.5
V at different scan rates (5 mV/s, 20 mV/s, 50 mV/s, 100 mV/s or 200 mV/s).
Electrochemical Polymerization on Pt Interdigitated Electrodes and in-situ Conductivity
Measurements
Solutions of polymer (P1-BT or P2-T) were prepared in anhydrous dichloromethane with
0.1 M NBu4PF 6 in a glovebox as described above. Approximately 3 mL of polymer solution were
transferred to a three-electrode cell with interdigitated platinum electrodes connected together as
the working electrode (two interdigitated electrodes with two connection tracks on glass, 5pm
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spacing between electrodes), a platinum coil counter electrode, and Ag/AgNO3 (described above)
as the reference electrode. Polymer was electrochemically crosslinked and deposited across the
electrodes via 20 successive scans between 0.0 and 1.5 V at a scan rate of 100 mV/s. The electrodes
were rinsed with fresh electrolyte solution and transferred to a new cell. Conductivity
measurements were carried out in-situ according to procedures described in the literature. 22-24 A
small potential difference was applied between the two platinum interdigitated electrodes (VD =
40 mV) using a bipotentiostat, and both electrodes were synchronized and scanned at a slow rate
(2 mV/s) from 0.0 V to 1.0 V or 1.5 V versus Ag/AgNO3. The drain current (iD) that flowed
between the two electrodes was recorded as a function of applied potential, and converted to
absolute conductivity via the following equation:
iD W
c-=
VD nTL
where W is the spacing between the electrodes, n is the number of gaps between the interdigitated
electrodes, T is the minimum thickness of the polymer film connecting the electrodes, and L is the
length of the finger.22 Polymer film thickness was determined via profilometry.
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3.7 Appendix for Chapter 3
3.7.1 NMR Spectra
Figure 3.7 Compound 4 IH NMR and 13C NMR (CDC1 3).
" 0 co C 0 O~~ I- LO I-NO 0CD D
Ip q 1 U I I q(q(q0 0 IC' N .N ia fJC o IO~q
0 0 ______
/ II
CO CP CD CD
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
f1 (ppm)
CD
N- 00
CD 0
Wo -
3.5 3.0 2.5 2.0 1.5 1.0 0.5
r, N ( CR R O7 (N C')q 0) CR
;Tj .IJ. 0 M' C) M C') 04 (N J CJ(N
150 140 130 120 110
(N (N00 C 1(6~
I
100 90 80 70
f1 (ppm)
C') C') C') C')2-s (N =SJ
Ii1
60 50 40 30 20 10 0
119
Chapter 3
10 ~ CD (N '-0
CDC~JC'O
N N N N N N N
~
A
I
I
Chapter 3 Electrochemical and Chemical Synthesis of Conjugated Polymer Networks
Figure 3.8 Compound 5 IH NMR and 13C NMR (CDC1 3).
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Figure 3.9 Polymer P1-BT 'H NMR (CDC 3).
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3.7.2 UV-Vis Absorption and Emission of Polymer P1-BT in Solution and Thin Film
1
0.8
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0
300 400 500 600 700
wavelength (nm)
Figure 3.10 Absorption and emission of polymer Pl-BT in solution and thin film. The solution
extinction coefficient per polymer repeat unit at Xmax (374 nm) = 5.00 x 104 M-Icm- 1.
absorption
maxima
(nm)
solution
thin film
374, 446
378, 457
emission
maxima
(nm)
577
601, 664
Table 3.1 Absorption and emission wavelength maxima in chloroform solution and thin film
for polymer P1-BT.
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3.7.3 Electropolymerization and Cyclic Voltammetry of P1-BT and P2-T on Platinum Button
Electrodes
0.2 0.6 1.0 1.4
potential (V vs. Ag/AgNO)
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0
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-0.2 0.2 0.6 1.0 1.4
potential (V vs. Ag/AgNO3)
Figure 3.11 (a) Polymerization of P1-BT onto a Pt button working electrode in 0.1 M
NBu4PF6/DCM at a scan rate of 100 mV/s, 0.3 mM polymer concentration in DCM, 50 scans.
(b) Cyclic voltammogram of electropolymerized P1-BT in fresh electrolyte.
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Figure 3.12 (a) Polymerization of P2-T onto a Pt button working electrode in 0.1 M
NBu4PF6/DCM at a scan rate of 100 mV/s, 0.3 mM polymer concentration in DCM, 50 scans.
(b) Cyclic voltammogram of electropolymerized P2-T in fresh electrolyte.
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3.7.4 Linear Relationship Between Cathodic Peak Current and Cyclic Voltammogram Scan
Rate
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Figure 3.13 Linear relationship between cyclic voltammogram scan rate and baseline-corrected
cathodic peak current for electrochemically crosslinked P-P1-BT (a) and P-P2-T (b). Full
cyclic voltammograms at varying scan rates are shown in Figure 3.2.
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3.7.5 Electropolymerization and Cyclic Voltammetry of P1-BT and P2-T on ITO-Coated
Glass Electrodes
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Figure 3.14 (a) Polymerization of P1-BT on an ITO-coated glass working electrode in 0.1 M
NBu4PF6/DCM at a scan rate of 100 mV/s, 0.3 mM polymer concentration in DCM, 10 scans.
(b) Cyclic voltammogram of electropolymerized P1-BT in fresh electrolyte.
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Figure 3.15 (a) Polymerization of P2-T on an ITO-coated glass working electrode in 0.1 M
NBu4PF6/DCM at a scan rate of 100 mV/s, 0.3 mM polymer concentration in DCM, 10 scans.
(b) Cyclic voltammogram of electropolymerized P2-T in fresh electrolyte.
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CHAPTER 4
DESIGN AND SYNTHESIS OF CONJUGATED
POLYMERS FOR FARADAY ROTATION
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4.1 Introduction
The Faraday effect, also known as Faraday rotation, was first discovered by Michael
Faraday in 1845.1 As polarized light passes through a material in the presence of a magnetic field,
depending on the properties of the material, the plane of polarization of the light may be rotated.
The extent to which a material is capable of rotating polarized light in the presence of a magnetic
field is quantified as the material's Verdet constant (in units of "/T m, Figure 4.1).2 The Faraday
effect has found application in a wide range of uses, including in optical isolators, optical
circulators, and magnetic field sensors.3' 4 Highly sensitive magnetic field sensors have been
employed in non-GPS navigation (based on the sensing of small fluctuations in the Earth's
magnetic field) and magnetoencephalography (MEG), a sensitive and non-invasive technique for
monitoring brain activity.5
Until recently, large Verdet constants on the order of 104 to 105 * /T-m had been primarily
found in inorganic crystals such as terbium-doped gallium garnet (TGG, V = -1.012 x 104 /T.m)
and lead- and bismuth-substituted yttrium iron garnets (YIGs).6',7 In recent years, large Verdet
B VBd
p=degree of rotation (0 )
V = Verdet constant (*/T-m)
B = magnetic field in the direction of light
propagation (T)
d = distance light travels through the material
light
Figure 4.1 Faraday rotation diagram. As a magnetic field (B) is applied in the direction of light
propagation, plane-polarized light is passed through a material (of thickness d); the degree to
which the plane of polarization is rotated (p) is directly related to the Verdet constant of the
material (V, in units of */T.m).
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R
R = C6 H 3  V = 6.25 x 104 */T-m s
s ~ R =C12 H 25  V = 2.6 x 1 04 /T-m H13C60 N N4ts\ +n
n n
OR OC6 H13
/ \ R =C8 H17  V =3.00 x10 /T-m
s n, V = 2.5 x 105*/T-m
S-R R C4H9 V = -(1.77 0.42) x 1 04"/T-m
n V= (7.53 1.10) x 104 */T.m
R C4H9 V = -(3.09 0.66) x 104o/Tm
S - R
/ R V = (7.63 0.78) x104 /T-m
=V=-(6.90 0.97) x 104 I/Tm
Figure 4.2 Polymers with high Verdet constants. Many examples of substituted
polythiophenes have been reported to have high Verdet constants. 8-10 In contrast, only a single
poly(arylene ethynylene) type polymer with a high Verdet constant has been reported. 3
Polymer Verdet constants vary with wavelength and sample preparation; regioregular
polythiophenes have higher Verdet constants than regiorandom samples, and chiral poly-3-
(alkylsulfone)thiophenes have been found to change the sign of their Faraday rotation upon
thermal annealing (from positive to negative or negative to positive).1 2
constants have also been observed in conjugated polymers. Verdet constants ranging in magnitude
from 104 to 106 "/T-m have been reported in regioregular poly-3-alkylthiophenes, 8,9 poly-3-
alkoxythiophenes,10' and chiral and achiral poly-3-(alkylthio)thiophenes and poly-3-
(alkylsulfone)thiophenes (Figure 4.2).12 In addition to polythiophenes, a large Verdet constant of
2.5 x 10 "/T-m has also been observed in a poly(arylene ethynylene)-type polymer.1 3 Although
these polymers may appear to vary significantly in their structural make-up, both polythiophenes
and poly(arylene ethynylenes) are known to undergo face-to-face a-stacking and form lamellar
structures in thin films.14 15 Reports by Koeckelberghs et al. and Gangopadhyay et al. have
demonstrated that Faraday rotation is highly dependent on polymer preparation, with regiorandom
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polythiophenes displaying significantly reduced Verdet constants in comparison to precisely
regioregular polythiophenes.8-10 These initial findings suggest that there is significant
understanding to be gained with respect to the structure-property relationships that give rise to
Faraday rotation in conjugated polymers.
4.2 Design Principles and Polymers of Interest
To explore the structure-property relationships that lead to high Verdet constants in
conjugated polymers, we designed a series of poly(arylene ethynylene) and poly(arylene
R
S
- \/ -n
S
R
R R
SN'S' N S N'S'N
\ / \ /
S S R' R'
11 R = alkyl
R'= heteroalkyl
R R
alkyl
chains
polythiophene n-r stacking
backbone
alkyl
chains
poly(arylene butadlynylene) Tn-T stacking
backbone
Figure 4.3 (a) Poly(arylene butadiynylene) and poly(arylene ethynylene) polymer structures
of interest: a benzodithiophene-based homopolymer and copolymers of benzodithiophene and
substituted and unsubstituted benzothiadiazoles. (b) Long alkyl side chains promote the
formation of lamellar structures.
130
(a)
(b)
Chapter 4
Design and Synthesis of Conjugated Polymers for Faraday Rotation
butadiynylene) polymers as shown in Figure 4.3. Building off of the core structure of the Faraday-
rotating poly(arylene ethynylene) reported by Araoka et al. (Figure 4.2),13 we hypothesize that the
incorporation of longer alkyl sidechains will promote solid state ordering and the formation of
lamellar structures,1 6 resulting in enhanced Faraday rotation. Furthermore, as highly polarizable
polythiophenes and poly(arylene ethynylene)s have been found to have large Verdet constants, we
also propose that polarizability may play a key role in Faraday rotation. To investigate this
hypothesis, we will synthesize polarizable polymers to explore this relationship (Figure 4.3).
Following synthesis and characterization of the target polymers shown in Figure 4.3, thin
films of the polymers will be prepared and tested for Faraday rotation.1 7
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4.3 Results and Discussion
4.3.1 Monomer and Polymer Synthesis
Synthesis of the dialkyne target monomer 8 was carried out as shown in Scheme 3.1.
Compound 3 was synthesized in two steps according to literature procedures,18 19 and compound
6 was synthesized as described in Chapter 2 (Scheme 2.1). Suzuki coupling between compounds
3 and 6 with Pd(PPh3)4 as the catalyst afforded the protected TIPS-substituted benzodithiophene
compound 7 in good yield (Scheme 4.1). Deprotection of compound 7 with TBAF in THF gave
the dialkyne-benzodithiophene monomer 8 in 80% yield. Monomer 8 was characterized by NMR
spectroscopy, UV-vis absorbance spectroscopy, fluorescence spectroscopy, and IR spectroscopy
(see Appendix).
Br PdC 2(dppf) C 12 H25  1. n-BuLi, THF, -78 "C C 12H 25
Br n-dodecylMgBr Br 2.
1THF, r.t. 2_ BI rt12 B-0 0 3
57% yield rt
TIPS 41% yield TIPS
S 1. TIPS - -MgCl S 1. n-BuLi, THF, -78 *C S
Br Br
S 2. SnCl 2 in HCI S 2. 1,2-dibromotetrachlorethane, S
-78 0C to r.t.
61% yield 70% yield
4 TIPS 5 TIPS 6 C12H25
TIPS TIPS
Br Pd(PPh3)4  / /O TBAF-
Br/ Br Pd(Pp4-4 C1 2H25  C12H25 TF*C
THF, 6500
THF, C12H25  80% yield
TIPS TIPS
6 6 3 7 8
C1 2H 25
91% yield
Scheme 4.1 Synthesis of monomer 8 in four steps starting from 1,4-dibromobenzene (1) and
benzodithiophene-dione (4).
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We first directed our efforts toward the synthesis of the benzodithiophene poly(arylene
butadiynylene) homopolymer shown in Scheme 4.2. Homopolymers of monomer 8 were produced
via a dialkyne coupling polymerization method previously developed in our group, with Pd(PPh3)4
and copper (I) iodide as the catalysts and benzoquinone as a mediating reagent.20 The
polymerization method reported by Williams and Swager was noted to result in the formation of
high molecular weight polymers (up to Mn =100,000 g/mol).19 Homopolymerization of monomer
8 resulted in materials that were mostly insoluble, with some partial solubility in THF and
chloroform. GPC analysis of the THF soluble fraction of polymer P1 indicated a molecular weight
of 16,100 g/mol, with a dispersity of 1.47. A significant portion of the polymer sample was
insoluble and excluded via syringe filter. The acceptably high molecular weight of the soluble
C 12 H25  C12H 25
S Pd(PPh3)4  S
- Cul
i-Pr2NH, nS benzoquinone, stoluene, 60 0C
C1 2H 25  C12H25
8 P1
Scheme 4.2 Synthesis of poly(arylene butadiynylene) homopolymers of benzodithiophene
monomer 8.
fraction of P1 and the large amount of presumably high polymer that was filtered out led us to
explore alternative parameters for the reaction that would limit the production of high molecular
weight (and insoluble) materials. TGA and DSC data for P1 can be found in the Appendix. P1
does not appear to undergo any thermal transitions prior to decomposition.
To produce a greater quantity of soluble polymer with the same structure as P1 we chose
to reduce the polymerization time and incorporate an end-capping molecule (methyl 4-
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C12H 25  C 12H25
S Pd(PPh3)4  S
- Cui
\ \ /-ni-Pr2NH,
S benzoquinone, s
8 toluene, 60 0C, 3h P1b X = 2.5 mol%Plc X = 5.0 mol%
C12H2s 9 C12H-25
X mol%
polymer mol% end-MgMo E
capping reagent M. (g/mol)
Pib 2.5 12,800 19(soluble fraction) 1.98
Plc 5.0 10,600 20(soluble fraction) 2.09
Scheme 4.3 Synthesis of homopolymers of monomer 8 with the incorporation of methyl 4-
ethynylbenzoate (9) as an end-capping reagent. Although the reaction time was reduced and the
end-capping reagent was anticipated to reduce the average molecular weight of the polymers,
the majority of the material produced by the polymerization method was still mostly insoluble.
GPC analysis of the polymer in THF showed a decrease in the number-average molecular
weight of the soluble fraction of each polymer that correlated with the mol% of end-capping
reagent added.
ethynylbenzoate, 9) that could both assist in molecular weight reduction and serve as a handle for
NMR analysis of polymer molecular weight (Scheme 4.3). Although the soluble of fractions of
polymers Pib and Plc were found to have lower molecular weights than P1, as with the initial
polymerization conditions, the majority of the material produced by the polymerization was
insoluble in common organic solvents. Furthermore, the polymers were too insoluble in common
deuterated solvents to obtain a diagnostic NMR spectrum or to use the end-capping group as a
handle for NMR analysis of polymer molecular weight. The polymers were only found to be fully
soluble in boiling o-dichlorobenzene, but the polymers crashed out of solution immediately upon
cooling.
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C1 2H25  C1 2H 25
S N' N Pd(PPh3)4  N' N
Cul-
\ + Br Br
_& i-Pr2N H,n
8 S 10 toluene, 60 0C S P2
C12H25 C1 2H25
Scheme 4.4 Synthesis a copolymer (P2) of monomer 8 and dibromo-benzothiadiazole 10 via
Sonogashira coupling polymerization.
We next focused on the synthesis of copolymers of monomer 8 and benzothiadiazole-based
monomers. As benzothiadiazole was a key component of the Faraday-rotating polymer reported
by Araoka et al.,1 3 we were interested in synthesizing a series of copolymers with benzothiadiazole
and our cruciform benzodithiophene-based monomer 8. Sonogashira coupling polymerization with
catalytic Pd(PPh3)4 and copper (I) iodide was used to produce a copolymer of benzodithiophene
monomer 8 and dibromo-benzothiadiazole 10 as shown in Scheme 4.4. As was the case for the P1
series of polymers, P2 was largely insoluble in organic solvents, and unable to be effectively
characterized by NMR. GPC analysis of P2 in THF indicated a molecular weight of 3,500 g/mol
with a dispersity of 1.38 for the THF-soluble fraction of polymer (a significant portion of polymer
was excluded via syringe filter). As the insolubility of P2 would present an issue for ready
processing into films for magneto-optical characterization, we next looked into the synthesis of
copolymers of monomer 8 with substituted benzothiadiazoles.
Polymers P3 and P4 were synthesized via Sonogashira coupling polymerization of
monomer 8 with heteroalkyl-substituted benzothiadiazole comonomers (Scheme 4.5).
Benzothiadiazole comonomers 11 and 12 were synthesized by Gregory Gutierrez.2 1 P3 was found
to be partially soluble in organic solvents, and P4 was found to be significantly more soluble in
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C1 2H 25  C1 2H 25
N, N S" N'S NS N' Pd(PPh3)4  \N /
- + Br Br - Cul n
- B ~ /i-Pr 2NH,
S R' R' toluene, 65 *C S R' R'
8 11 R'= OC1 4 H 29  P3 R'= OC1 4H 29
12 R'= SC16 H32  P4 R'= SC16H32
C 12H 25  C1 2H 25
polymer R' Mn (g/mol) D
P3 OC14H2910,700 24
P3 0 14H29  (soluble fraction) 2.46
P4 S0 16H32  24,600 24(soluble fraction) 2.42
Scheme 4.5 Synthesis of copolymers of monomer 8 and substituted benzothiadiazoles 11 and
12. P4 was found to be significantly more soluble than any of the other polymers of interest.
chloroform and THF than any of the other polymers of interest. Characterization of P3 and P4 by
THF GPC gave molecular weight estimates of 10,700 g/mol with a dispersity of 2.46 for polymer
P3 (soluble fraction) and 24,600 g/mol with a dispersity of 2.42 for P4 (soluble fraction). As with
the previous polymers, we expect that these molecular weight values underestimate the average
molecular weights of polymer P3 and P4, as significant fractions of material were filtered out
before GPC analysis. The improved solubility of P4 allowed for successful characterization of the
polymer by IH NMR (see Appendix).
4.3.2 Characterization of Polymers
All polymers were characterized by infrared (IR) spectroscopy and UV-visible (UV-vis)
spectroscopy. Although homopolymers P1-Plc were insufficiently soluble to be characterized by
NMR spectroscopy, IR spectroscopy was able to provide additional structural information. A
comparison of the IR spectra of monomer 8 and polymers P1-Plc shows the absence of a C-H
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105
100 -
E 95 -
-monomer 8
-Pib
-Pc
85 '
3100 2600 2100 1600 1100 600
wavenumbers (cm-1)
Figure 4.4 IR spectroscopy of monomer 8 and P1 polymers. Absence of a C-H alkyne stretch
at 3270 cm-1 in the spectra for P1-Plc provides evidence for polymer formation.
alkyne stretching band at 3270 cm-1 in the polymer spectra, providing evidence for polymerization
(Figure 4.4). The spectra for Pib and Plc also show bands at 1720 cm-1 corresponding to the C=O
stretch of the end-capping moiety, 4-ethynylbenzoate. Aside from the disappearance of the band
at 3270 cm-1, the spectra for monomer 8 and the P1-Plc polymers are nearly identical, suggesting
that the monomer and polymers share highly similar structures, as expected.
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E 95
C
4W 
-P2
# 90 
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-P4
85
3100 2600 2100 1600 1100 600
wavenumbers (cm-1)
Figure 4.5 IR spectroscopy of polymers P2, P3, and P4. The appearance of a band at 2180 cm-
I corresponds to C-C alkyne stretch.
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IR spectra of polymers P2, P3, and P4 show the appearance of a band at 2180 cm-1 that
can be attributed to C-C alkyne stretch (Figure 4.5). The C-C alkyne stretch band is more visible
for the polymers than for monomer 8 due to the increased asymmetry of the C-C triple bond.
UV-vis spectra for polymer P1 through P3 can be found in the appendix. As P4 was the
most soluble and processible of the polymers synthesized, we were particularly interested in
characterizing the optical properties of the polymer. The UV-vis-NIR absorption spectrum of P4
in chloroform solution and thin film is shown in Figure 4.6. Polymer P4 is dark green in color and
has an absorption onset of ~750 nm in solution, which is slightly red-shifted in thin film. At the
solution absorption maximum (674 nm), the extinction coefficient per polymer repeat unit was
1.0
0.8
0.6
0.4
0.2
n
350 550 750 950 1150
wavelength (nm)
absorption molar absorptivity per
mer P4 maximum mol repeat unit
(nm) (L mol-1cm-1)
674
667
1350 1550
(c) W
2.18 x 104
N/A
Figure 4.6 (a) UV-vis-NIR absorption spectrum of P4 in chloroform solution and thin film.
(b) Absorption maxima of P4 in chloroform solution and thin film; molar absorptivity per
polymer repeat unit in solution. (c) P4 in chloroform solution; the polymer is deep green in
color.
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found to be 2.18 x 10' L mol' cm-1 . The NIR absorbance spectrum also shows that P4 does not
absorb light at wavelengths greater than 800 nm, a characteristic that could enhance the utility of
the polymer for Faraday rotation applications in magnetic sensors. 22
4.3.3 Faraday Rotation Measurements of Polymer P4
As polymers P1-P3 were insufficiently soluble in organic solvents to produce uniform thin
films, we focused on assessing the Faraday rotation ability of P4. A scaled-up quantity of P4 was
produced and sent to collaborators at the University of Arizona to determine the Verdet constant
of the material. Unfortunately, our collaborators were not able to produce thin films of sufficiently
high optical quality to obtain a reliable estimate of the Verdet constant of P4.17 Although the design
of P4 and the other target polymers was specifically tailored to promote the formation of ordered
supramolecular structures, these same principles may have led to the creation of materials that
scatter light when in thin films, reducing their ability to be used in optical applications.
4.4 Conclusion
In this chapter, we described the design, synthesis and characterization of a new series of
poly(arylene butadiynylene) and poly(arylene ethynylene) polymers P1-P4. The polarizable
conjugated polymers contain rigid-rod type backbones and pendant alkyl chains to promote
supramolecular ordering, which we hypothesized could lead to the observation of large Verdet
constants. With the exception of P4, the polymers were found to be only partially soluble in organic
solvents, which limited their ability to be processed into uniform thin films and utilized for
magneto-optical applications. Ultimately, we were not able to obtain a reliable estimate of the
Verdet constant of P4: while P4 was sufficiently soluble in common organic solvents to produce
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thin films, the films were not of high enough optical quality to be used to assess the magnitude of
the polymer Verdet constant.
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4.5 Experimental Details
4.5.1 Materials and Methods
Reagents were purchased and used without further purification unless otherwise noted. All
solvents were of reagent grade or better, and THF and toluene were obtained from a solvent
purification still (consisting of columns of activated alumina) and stored over 3 A molecular sieves.
As needed, solvents were degassed via sparging with argon or the freeze-pump-thaw method under
argon.
All reactions were carried out using standard Schlenk techniques under argon unless
otherwise noted. Silica gel (SiO 2, 60 A, 230-400 mesh, particle size 0.040-0.063 mm) was used
for column chromatography, and sheets coated with silica gel (200 tm) were used for thin layer
chromatography (TLC). Polymer molecular weights were determined using gel permeation
chromatography in THF with an Agilent 1260 Infinity GPC system, with molecular weight
referenced to polystyrene standards.
UV-visible absorption spectroscopy was conducted with a Cary 4000 series spectrometer,
with solution samples prepared in spectroscopic grade chloroform or THF and thin film samples
prepared on glass microscope coverslips. UV-vis-NIR absorption spectrometry was carried out on
a Cary series spectrometer in the Bawendi group. The absorbance spectra were corrected for
background signal by subtracting the absorbance of a solution-filled cuvette or a clean glass
coverslip. A SPEX Fluorolog-3 fluorometer was used to obtain fluorescence emission spectra, with
solution samples assessed using right angle detection, and thin film samples with front-facing
detection.
1H NMR and 13C NMR spectroscopy were carried out on a Bruker Avance III HD
spectrometer (400 MHz for 1H and 100 MHz for 13C) or a Varian Inova 500 spectrometer (500
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MHz for 'H and 125 MHz for 13 C). Chemical shifts are reported in ppm and referenced against
residual solvent signals (CDCl 3 6 7.26 ppm for 'H spectra, 77.2 for "C spectra).
Thermogravimetric analysis (TGA) was carried out using a TA instruments Q50 TGA or
Discovery TGA, under nitrogen gas with a heating rate of 20 'C per minute. Differential Scanning
calorimetry was conducted using a TA Instruments Q10 DSC or Discovery DSC with a heating
rate of 10 'C per minute. Fourier transform infrared (FTIR) spectroscopy was carried out using a
Thermo Scientific Nicolet 6700 spectrometer with a Ge crystal, and spectra were corrected for
background signal and to remove atmospheric contamination.
High-resolution mass spectrometry (HRMS) was carried out by the mass spectrometry
service of the MIT Department of Chemistry Instrumentation Facility using positive-ion
electrospray ionization (ESI).
4.5.2 Synthetic Procedures
Compounds 2 and 3 were synthesized according to literature procedures. 17 ,18 Compounds 4, 5, and
6 were synthesized as described in Chapter 3. Compounds 11 and 12 were synthesized and
contributed by Gregory Gutierrez.2 0
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TIPS TIPS
Br/ S Pd(PPh 3)4Br Br P( h)4 C12H25 C12H25
S B Na200 3
THF, 65 0C
C12H25
TIPS TIPS
Compound 7: A 100 mL, three-necked RBF was equipped with a stir bar and oven-dried.
Dibromo-TIPS-benzodithiophene 6 (500 mg, 0.705 mmol) and compound 3 (657 mg, 1.76 mmol)
were added, and the flask was evacuated and backfilled with argon three times. A 1 M solution of
Na2CO3 (6.35 mL) was added along with THF (dry, from solvent still, 25 mL). The solution was
degassed via sparging with argon for 15 minutes. Pd(PPh3)4 (48.9 mg, 42.3 pmol) was added and
the solution was heated to reflux for 24 hours. The reaction mixture was allowed to cool to room
temperature before being poured into water and extracted with chloroform. The organic layer was
washed with water, dried over magnesium sulfate, and concentrated under vacuum to yield a bright
yellow solid. The crude product was purified via flash column chromatography with hexanes as
the eluent to give 665 mg of a bright yellow solid (91% yield).
1H NMR (400 MHz, CDCl 3): 6 7.75 (s, 2H), 7.66 (d, 4H, J = 8 Hz), 7.27 (d, 4H, J= 7.6 Hz,
overlaps with residual solvent peak), 2.65 (t, 4H, J= 7.6 Hz), 1.65 (p, 4H, J= 6.6 Hz), 1.25 (m,
78H), 0.88 ppm (t, 6H, J= 6.8 Hz).
13 C NMR (125 MHz, CDCl 3): 6 145.9, 143.9, 140.5, 139.6, 131.7, 129.2, 126.6, 118.1, 111.5,
102.8, 101.7, 35.9, 32.1, 31.5, 29.8, 29.8, 29.8, 29.8, 29.7, 29.5, 29.5, 22.9, 19.0, 14.3, 11.5 ppm.
HRMS (ESI): calc for C68 HiO2 S 2Si 2 [M+H] = 1039.7034, found 1039.7014.
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C12H25 C12H25
S S
TIPS - --- TIPS TBAF --
THF, 0 0C
S S
C12H25 C12H25
Compound 8: A 25 mL Schlenk flask was equipped with a stir bar and oven-dried. Compound 7
(225 mg, 0.216 mmol) was added, followed by anhydrous THF (10 mL). The solution was cooled
to 0 'C and stirred for 10 minutes. Tetrabutylammonium fluoride (1.0 M in THF, 0.130 mL, 0.130
mmol) was added dropwise, and the solution was stirred at 0 'C for 30 minutes. The reaction was
quenched with water, extracted with chloroform, dried over magnesium sulfate, and concentrated
under vacuum. The crude product was purified via flash column chromatography with a 95:5 v/v
mixture of hexanes and DCM as the eluent to afford 126 mg of product (80% yield).
'H NMR (500 MHz, CDCl 3 ): 8 7.77 (s, 2H), 7.69 (d, 4H, J = 7.5 Hz), 7.26 (d, 4H, J= 8.5 Hz,
overlaps with residual solvent peak), 3.87 (s, 2H), 2.65 (t, 4H, J= 7.8 Hz), 1.65 (p, 4H, J= 7.5
Hz), 1.33-1.25 (m, 36H), 0.88 ppm (t, 6H, J= 7.0 Hz).
13C NMR (100 MHz, CDCl 3): 6 141.5, 141.0, 138.8, 138.4, 130.8, 130.6, 125.3, 121.1, 111.2,
102.7, 102.1, 32.1, 31.0, 29.9, 29.7, 29.7, 29.5, 22.9, 19.0, 14.3, 11.5 ppm.
HRMS (ESI): calc for C5 oH62 S2 [M+H]*= 727.4366, found 727.4356.
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C 12 H 25  C 12H 25
S Pd(PPh 3)4  S
Cul
i-Pr2NH,S benzoquinone, s
toluene, 60 OC
C12H125 C 12H 25
Polymer P1: A 25 mL Schlenk flask was equipped with a stir bar and dried in an oven. The flask
was cooled under argon, and monomer 8 (50 mg, 69 jimol), Pd(PPh 3)4 (2.0 mg, 1.7 pimol), copper
(I) iodide (3.9 mg, 21 imol), and benzoquinone (9.3 mg, 86 ptmol) were added. The flask was
evacuated and refilled with argon three times before dry, degassed toluene (0.75 mL) and degassed
N,N-diisopropylamine (0.125 mL) were added. The flask was sealed under argon and heated to 60
0C for 72 hours. The reaction mixture was then cooled and partitioned between dichloromethane
and a saturated solution of ammonium chloride. The mixture was extracted with dichloromethane
and concentrated under vacuum. The polymer was re-dissolved into a minimum amount of
chloroform and purified via precipitation into methanol. The dark purple precipitate was collected
on a Buchner funnel, washed with methanol, and dried overnight in a vacuum oven to give 20.1
mg of a dark purple solid (40% yield).
IH NMR: P1 was insufficiently soluble in deuterated chloroform, dichloromethane, THF, or
toluene to obtain a 'H NMR spectrum.
GPC (THF): Polymer P1 was only partially soluble in THF. M, = 16,100 g/mol, D = 1.47 (soluble
fraction).
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C12H125 C 12H 2 5
I I-
S Pd(PPh3 )4  S
Cul
- \\ / _/_ n
-Pr 2NH,S benzoquinone, s
toluene, 60 *C
methyl 4-ethynylbenzoate
(X% endcapper)
C12H25 C12H25
Polymer Pib: A 25 mL Schlenk tube was equipped with a stir bar and flame-dried under vacuum.
The Schlenk tube was flushed with argon, and monomer 8 was added (39.8 mg, 54.7 pmol).
Pd(PPh3)4 (2.86 mg, 2.48 ptmol), copper (I) iodide (4.71 mg, 24.8 pmol) and benzoquinone (11.1
mg, 103.1 pmol) were added, followed by dry, degassed toluene (6 mL) and degassed NN-
diisopropylamine (0.4 mL). Methyl-4-ethynylbenzoate (0.219, 1.37 imol, 2.5 mol%) was added,
and the tube was sealed and heated to 60 'C for three hours. The solution was cooled to room
temperature and partitioned between dichloromethane and saturated ammonium chloride solution.
The mixture was extracted with dichloromethane and concentrated under vacuum. The crude
polymer was purified via precipitation into methanol, and the precipitate was collected on a
Buchner funnel to give 32 mg of a dark purple solid (81% yield).
'H NMR: Pib was insufficiently soluble in deuterated chloroform, dichloromethane, THF, or
toluene to obtain a 'H NMR spectrum.
GPC (THF): Polymer Pib was only minimally soluble in THF. M,= 12,800 g/mol, D = 1.98
(soluble fraction).
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Polymer Plc: A 25 mL Schlenk tube was equipped with a stir bar and flame-dried under vacuum.
The Schlenk tube was flushed with argon, and monomer 8 was added (26.9 mg, 37.0 ptmol).
Pd(PPh3)4 (2.86 mg, 2.48 pmol), copper (I) iodide (4.71 mg, 24.8 pmol), and benzoquinone (11.1
mg, 103.1 pmol) were added, followed by dry, degassed toluene (6 mL) and degassed NN-
diisopropylamine (0.4 mL). Methyl-4-ethynylbenzoate (0.296 mg, 1.85 pmol, 5 mol%) was added,
and the tube was sealed and heated to 60 'C for three hours. The solution was cooled to room
temperature and partitioned between dichloromethane and saturated ammonium chloride solution.
The mixture was extracted with dichloromethane and concentrated under vacuum. The crude
polymer was purified via precipitation into methanol, and the precipitate was collected on a
Buchner funnel to give 23 mg of dark purple solid (86% yield).
1H NMR: Plc was insufficiently soluble in deuterated chloroform, dichloromethane, THF, or
toluene to obtain a 1H NMR spectrum.
GPC (THF): Polymer Plc were only minimally soluble in THE. Mn 10,600 g/mol, D 2.09
(soluble fraction).
C12H25 C12H25
IN N
N / Pd(PPh3)4
Cul
\ / 2+ Br Br CuHni-Pr2NH,n
S toluene, 60 *C
C12H25 C12H25
Polymer P2: An oven-dried 25 mL Schlenk flask was equipped with a stir bar and flushed with
argon. Monomer 8 (20.7 mg, 28.5 pmol), 4,7-dibromobenzo[c]-1,2,5-thiadiazole (8.01 mg, 28.5
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pmol), Pd(PPh3)4 (2.0 mg, 1.73 ptmol), and copper (I) iodide (0.32 mg, 1.68 imol) were added to
the flask. The flask was evacuated and refilled with argon three times. Dry, degassed toluene (1
mL) and NN-diisopropylamine (0.125 mL) were added. The flask was sealed and heated to 60 *C
for 48 hours. The solution was then cooled to room temperature and concentrated under vacuum.
The crude polymer was re-dissolved into a minimum amount of chloroform and precipitated into
methanol. The precipitate was collected via centrifugation to give a 12 mg of dark blue solid (51%
yield).
'H NMR: P2 was insufficiently soluble in deuterated chloroform, dichloromethane, THF, or
toluene to obtain a 'H NMR spectrum.
GPC (THF): Polymer P2 was only minimally soluble in THF. Mn = 3,500 g/mol, D 1.38 (soluble
fraction).
C12H25 C12H25
S." N' NSN sN / Pd(PPh3 )4
__ Cul
+ Br Br CuNHB
i-Pr2NH,n
S C 14 H2 90 OC 14 H 29 toluene, 65 *C S C 14 H 290 OC 14 H 29
C 12H 25  C12H25
Polymer P3: A 25 mL Schlenk flask was equipped with a stir bar and flame-dried under vacuum.
Monomer 8 (25 mg, 0.034 mmol), comonomer 11 (25 mg, 0.034 mmol), Pd(PPh3)4 (2.4 mg, 2.1
pmol), and copper (I) iodide (0.39 mg, 2.1 pmol) were added to the flask under argon. The flask
was evacuated and refilled with argon three times before a degassed mixture of toluene and NN-
diisopropylamine was added (7:3 v/v toluene/DIPA, 4 mL total). The flask was sealed and heated
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to 65 'C for 48 hours. The reaction mixture was partitioned between dichloromethane and a
saturated solution of ammonium chloride. The mixture was extracted with dichloromethane, and
the organic layer was washed with water and concentrated under vacuum. The crude polymer was
re-dissolved in a minimum amount of chloroform and precipitated into methanol. The precipitate
was collected via centrifugation, re-dissolved in chloroform, and concentrated under vacuum to
yield 20 mg of a dark purple-blue solid (45% yield).
'H NMR: P3 was insufficiently soluble in deuterated chloroform, dichloromethane, THF, or
toluene to obtain a IH NMR spectrum.
GPC (THF): Polymer P3 is partially soluble in THF. Mn = 10,700 g/mol, D 2.46 (soluble
fraction).
C12H-25 C12H-25
IN N
N ~ Pd(PPh3 )4
+ Br Br CuHni-Pr2NH,n
S C 16H 33S SC 16H 33 toluene, 65 *C S C16 H33S SC16 H 33
C1 2H 25  C12H2
Polymer P4: A 50 mL Schlenk flask was equipped with a stir bar and flame-dried under vacuum.
The flask was filled with argon and evacuated three times before monomer 8 (127 mg, 0.174 mmol)
and comonomer 12 (138 mg, 0.173 mmol) were added, followed by Pd(PPh3)4 (12.0 mg, 10.4
pmol mmol) and copper (I) iodide (1.98 mg, 10.4 pmol). A mixture of toluene and NN-
diisopropylamine (7:3 v/v) was degassed via sparging with argon for 30 minutes. The degassed
solvent mixture (18 mL total) was added to the Schlenk flask containing the reactants and catalysts.
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The dark red solution was sparged with argon for 10 minutes, before being sealed and heated to
65 "C for 48 hours. The solution was then heated to 70 'C for an additional 24 hours. The solution
was then cooled to room temperature and partitioned between dichloromethane and saturated
ammonium chloride solution. The mixture was extracted with dichloromethane, washed with
water, and concentrated under vacuum. The crude polymer was re-dissolved in a minimum amount
of chloroform before being precipitated successively into methanol, acetone, and hexanes
(precipitate collected via centrifugation and re-dissolved in chloroform after each step). The final
precipitate was collected to yield 142 mg of polymer (60% yield).
lH NMR (500 MHz, CDCl 3 ): 6 8.43, 7.80, 7.31, 3.58, 3.43, 3.07, 2.69, 1.25, 0.88 ppm.
GPC: Mn = 24,600 g/mol, D = 2.42 (soluble fraction).
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4.7 Appendix for Chapter 4
4.7.1 NMR Spectra
Figure 4.7 Compound 7 IH NMR and 3C NMR (CDC1 3)
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Figure 4.8 Compound 8 1H NMR and 13C NMR (CDC1 3)
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Figure 4.9 Polymer P4 'H NMR (CDC13)
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4.7.2 Additional Characterizations for Monomer 8
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Figure 4.10 Normalized UV-visible absorption and emission spectrum of monomer 8 in
chloroform solution.
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Figure 4.11 FTIR spectrum of monomer 8.
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4.7.3 UV-Visible Absorption of P1 Homopolymers in Solution and Thin Film
1.0
0.8 -
0.6
0.4 -
0.2 -
0.0 '''
300 400 500 600
wavelength (nm)
700 800
Figure 4.12 UV-vis absorbance of P1 in THF. The solubility of P1 in THF was extremely poor
and the absorbance spectrum shows the effects of significant scattering. Efforts to filter out
particulates resulted in a polymer solution that was too dilute to have detectable absorbance.
Attempts to cast thin films of P1 from hot o-dichlorobenzene were unsuccessful: the polymer
precipitated from solution immediately upon cooling.
300 400 500 600 700 800
wavelength (nm)
Figure 4.13 UV-vis absorbance of Pib (2.5% end-capper) and Plc (5% end-capper) in THF
solution and thin film. Solution absorbance corresponds to the portion of the polymer that was
soluble in THF.
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4.7.4 UV-Vis Absorption of P2 and P3 Copolymers in Solution and Thin Film
-- solution
----- thin film
F .-- . ....
300 400 500 600 700 800
wavelength (nm)
Figure 4.14 UV-vis absorbance of P2 in chloroform solution and thin film. Solution absorbance
corresponds to the fraction of P2 that is soluble in the solvent.
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Figure 4.15 UV-vis absorbance of P3 in chloroform solution and thin film. Solution absorbance
corresponds to the fraction of P3 that is soluble in the solvent.
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4.7.5 TGA and DSC of Polymers
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Figure 4.17 Differential scanning calorimetry (DSC) of P1.
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Figure 4.18
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Figure 4.19 Differential scanning calorimetry (DSC) of P3. P3 does not appear to undergo any
thermal transitions prior to decomposition.
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Figure 4.20 Thermogravimetric analysis (TGA) of P4. P4 begins
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to undergo decomposition at
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Figure 4.21 Differential scanning calorimetry (DSC) of P4. P4 does not appear to undergo any
thermal transitions prior to decomposition.
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4.7.6 Diagram of Faraday Rotation Measurement of Polymer Thin Films'
Hg-Xe lamp (300-8
diode lasers (800-1 E
light sourc
00 nm)
49 nm)
parallel AC magnetic field
50-1000 Hz, 0.005-0.0250 T
sample + coil detector
polarizer analyzer, 450
lock-in amplifier +
function generator
Figure 4.22 Measurement of Faraday rotation in polymer thin films. The degree of rotation is
determined by the relationship between the input light intensity and the change in output
intensity. The Verdet constant is calculated after correcting for the thickness of the sample.
'Diagram adapted from: Gangopadhyay, P.; Foerier, S.; Koeckelberghs, G.; Vangheluwe, M.;
Persoons, A.; Verbiest, T. Proc. SPIE, 2006, 6331, 633 1OZ.
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